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SUMMARY
The objective of this work is to investigate the elastic modulus of gastrula-stage
avian embryos and the effect of substrate stiffness on presumptive precardiac cell fate.
Our overall hypothesis is that the mechanical microenvironment, specifically, tissue
modulus and substrate stiffness, influences gastrulation and cardiac induction.
Large-scale morphogenetic movements during early embryo development are driven
by complex changes in biochemical and biophysical factors. Current models for am-
niote primitive streak morphogenesis and gastrulation take into account numerous
genetic pathways but largely ignore the role of mechanical forces. Here, we used
atomic force microscopy (AFM) to obtain for the first time precise biomechanical
properties of the early avian embryo. Our data reveal that the primitive streak is sig-
nificantly stiffer than neighboring regions of the epiblast, and that it is stiffer than the
pre-primitive streak epiblast. To test our hypothesis that these changes in mechanical
properties are due to a localized increase of actomyosin contractility, we inhibited ac-
tomyosin contractility via the Rho kinase (ROCK) pathway using the small-molecule
inhibitor Y-27632. Our results using several different assays show the following: 1)
primitive streak formation was blocked; 2) the time-dependent increase in primitive
streak stiffness was abolished; and 3) convergence of epiblast cells to the midline was
inhibited. Taken together, our data suggest that actomyosin contractility is neces-
sary for primitive streak morphogenesis, and specifically, ROCK plays a critical role.
To better understand the underlying mechanisms of this fundamental process, future
models should account for the findings presented in this study.
As presumptive cardiac cells traverse the course of differentiation into cardiac
myocytes during cardiogenesis, the sequence, magnitude, and spatiotemporal map of
xviii
biomechanical and biochemical signals has not been fully explored. There have been
many studies detailing the induction of cardiogenesis on a variety of substrates and
ECM proteins, but none have completed a rigorous study of the effects of substrate
stiffness on the induction of precardiac cells prior to the onset of cardiac gene expres-
sion (smooth muscle alpha actin [SMAA] at stage 5.) We investigate the effects of the
mechanical environment on precardiac cell behaviors in an in vitro setting to eluci-
date the effect of substrate stiffness and inducing factors on precardiac tissue and the
potential connection between them. The cells in the anterior portion of the primitive
streak are fated to form the heart, and we show differing levels of SMAA expression
on substrates of differing moduli, which suggests that substrate stiffness may play a
role in cardiac differentiation. We cannot determine the physical mechanisms during





Before the explosion of genetics research in the last century, embryonic development
was largely studied from a mechanical perspective. Paired with genetic advances
in understanding developmental signaling pathways and induction mechanisms, an
important goal for understanding morphogenesis is to discover how the genome codes
for changes in the mechanical movements of the embryonic cells.
The first feature of the amniote (reptiles, birds, mammals) embryo is the primitive
streak (PS), which is formed during the critical developmental process of gastrulation.
During gastrulation, cells converge to the rostral-caudal midline of the embryo and
then ingress through the PS to form the three germ layers: endoderm, mesoderm,
and ectoderm. There have been several molecular studies on the signaling pathways
necessary for PS formation, but there are still active discussions and investigations of
the underlying biophysical mechanisms at play. [15] [17] [16] [110] [118] Actomyosin-
driven apical constriction has generally been accepted as one of the driving forces
of gastrulation in anamiotes (fish, amphibians) [57] [50] [41] and lower organisms
such as drosophila, [20] [65] sea urchins, [22] [23] [51] and cnidarians (jelly-fish, sea
anemone). [104] [64] However, the prevailing wisdom in the field of avian primitive
streak formation does not account for biophysical mechanisms and instead implicates
chemotaxis [15] [18] [87] [109] and cell-cell intercalation. [110] We have previously
shown that cells move in concert with the basal lamina, [118] suggesting that cells do
not crawl over the basal lamina in response to a chemotactic gradient. It is understood
in the field of mechanics that a stressed body has an increased apparent stiffness
over its unstressed state. [117] This phenomenon has been exploited in previous cell
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mechanics studies in which actomyosin contractility results in an increased cellular
tension. [5] [80] [111] In this study, we present the mechanical properties of pre-and
post-gastrula avian embryos, which implicate actomyosin contractility as a driving
force of avian PS formation. Specifically, our hypothesis is that each “wave” of cells
that progresses through the primitive streak constricts and then ingresses, and the
subsequent wave of cells constricts and ingresses. Each individual cell constriction
at the primitive streak contributes to the overall large-scale tissue movement of the
epiblast toward the primitive streak.
The overall objective of this dissertation is 1) to measure the tissue modulus of
gastrula-age embryos and the role of actomyosin contractility in gastrulation and 2) to
determine if substrate stiffness has an effect on cardiac specification in precardiac em-
bryo explants. Our overarching hypothesis is that 1) actomyosin contractility drives
a stiffening of the primitive streak and cell convergence to the primitive streak and
that 2) an increase in substrate stiffness will promote cardiac induction, as indicated
by selected markers.
Specific Aim 1. Measure spatial and temporal changes in the tissue stiffness of
pre- and post-gastrula amniote embryos. Use inhibitors to determine if changes in
tissue stiffness are due to a localized increase of actomyosin contractility the primitive
streak. Our hypothesis is that increased actomyosin contractility along the primitive
streak during gastrulation is indicated by an increase in tissue stiffness in the primitive
streak.
Before PS formation, cardiac progenitor cells reside in the posterior epiblast in
Kollers Sickle [108]. They move anteriorly during PS formation and ingress through
the anterior region of the PS during early gastrulation. Once in the mesoderm,
cardiac precursor cells move anterolaterally, and at Hamburger Hamilton (HH) [40]
stage 5 they begin to express the first cardiac-specific gene, smooth muscle alpha
actin (SMAA) in the heart forming regions (HFR). SMAA expression marks the
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onset of cardiac cell differentiation [85], and it is the major actin isoform in vascular
tissue. [98] [19] The HFRs epithelialize, merge, and fuse along the ventral midline;
folding occurs to create the primitive heart tube and beating begins. It was recently
shown that there is an optimal substrate stiffness the contraction of differentiated
embryonic cardiomyocytes harvested from developing avian embryos [31] and cardiac
cells from formed embryonic hearts continue to show increased heart markers on
increased substrate stiffnesses. [115] Many in vitro studies have been conducted to
elucidate early developmental cardiac induction on a variety of surfaces, [68] [67] [55]
[114] [30] [97] [99] [6] [91] [90] [37] yet no rigorous study has been completed to specify
the role of substrate stiffness in pre-heart tube cardiac development. HH 3 marks the
final stage prior to cardiac gene expression, and the HH 3 PS provides a source of
undifferentiated potential cardiac cells with which to study the relationship between
substrate stiffness, cell contractility, and heart induction. We aim to induce the
expression of a cardiac differentiation marker, SMAA, within these cell populations
to elucidate the effects of the substrate stiffness on the specification of developing
heart tissue.
Specific Aim 2. Investigate the potential effects of substrate stiffness on the
differentiation of presumptive precardiac cells. Quantify levels of SMAA expression
in HH 3 anterior PS explant cultures in response to changes in substrate stiffness
to elucidate the effect of substrate stiffness on cardiac specification. Our hypothesis
is that mechanical cues, specifically substrate stiffness, play a role in precardiac cell
differentiation. Increased substrate stiffness leads to increased cardiac differentiation
indicated by an increase in SMAA expression.
The outcomes of this dissertation are as follows:
• There is no difference in tissue stiffness within the anterior, posterior, central,
and lateral regions of the pre-gastrula embryo.
• In the post-gastrula embryo, the anterior and posterior primitive streak regions
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are stiffer than the rest of the embryo.
• The anterior and posterior primitive streak in the post-gastrula embryo are
more stiff than the pre-gastrula embryo.
• The post-gastrula embryo regions external to the primitive streak are softer
than the pre-gastrula embryo.
These findings are significant because no such tissue stiffness mapping has pre-
viously been conducted on pre-somite avian embryos. The uniformity of stiffness in
the pre-gastrula embryo (as well as cutting experiments previously conducted in our
lab) suggests that the pre-gastrula embryo has no mechanical polarity at this stage,
and the “forces that shape the embryo” [106] on the tissue-level scale are at a pause.
Conversely, the increased stiffness in the primitive streak and decreased stiffness in
the tissue surrounding the streak suggest that the tissue is no longer “at rest” but
that the symphony of biophysical cues and operations - in concert with genetic and
biochemical ones - is underway.
These results were surprising because although tissue stiffening has long been
discussed as a developmental mechanism, tissue softening has enjoyed no such popu-
larity. We hope that tissue softening, as well as tissue stiffening, will be considered
as possible mechanisms in the future. It may be that both are used simultaneously
ease tensile stress in regions adjacent to contracting tissue.
• When actomyosin contractility inhibitor Y-27632 was added to the embryos, the
primitive streak did not show an increase in stiffness relative to regions outside
the primitive streak and relative to pre-gastrula embryos.
This finding shows that actomyosin contractility is necessary for the increased
stiffness at the primitive streak and supports our hypothesis that actomyosin con-
tracility at the primitive streak “pulls” the cells in the epiblast toward the primitive
streak during gastrulation.
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• Time-lapse microscopy showed that when actomyosin contractility inhibitor Y-
27632 was added to the embryos, the velocity of cell convergence to the primitive
streak was slowed to half of the control velocity.
This finding further suggests that actomyosin contractility at the primitive streak
− as indicated by an increase in tissue stiffness − is necessary for cell convergence to
the primitive streak. This result is significant because current models of avian gastru-
lation do not include mechanical input, such as the forces generated by actomyosin
contraction.
• Precardiac cells from the anterior primitive streak express higher levels of SMAA,
the first cardiac marker, on “stiff” (70 kPa) substrates compared to “soft” (250
Pa) substrates.
Though previous studies have explanted precardiac cells from the primitive streak
to examine the effects of biochemical factors, the majority of these have been con-
ducted on glass as opposed to a deformable substrate. Differentiated 3-day-old car-
diomyocytes have been grown on deformable substrates, but no studies have been
completed to examine the effect of substrate stiffness on gastrula-stage cardiac pre-
cursors. Further, this study has the advantage of using the precise group of cells that
would normally form the heart in vivo as opposed to an undifferentiated cell line.
• Posterior primitive streak cells express higher levels of E-cadherin on “soft” (250
Pa) substrates compared to “stiff” (70 kPa) substrates.
This finding is significant because although the posterior primitive streak is not
fated to form the heart, it appears that this cell type at this stage is sensitive to
substrate stiffness. The posterior primitive streak’s sensitivity to substrate stiffness
may effect the fate of these cells in vivo, including extraembryonic mesoderm and
blood islands.
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• Embryonic cardiomyocytes show no difference in SMAA and E-cadherin staining
on “soft” (250 Pa) and “stiff” (70 kPa) substrates.
Whereas anterior and posterior primitive streak cells show differences in SMAA
and E-cadherin staining on “soft” (250 Pa) and “stiff” (70 kPa) substrates, cardiomy-
ocytes do not. This finding suggests that cardiomyocytes from 3-day-old embryos may
be past a certain point of substrate-stiffness-dependent differentiation that occurs af-
ter stage HH 3, and that primitive streak cells from HH3 embryos have not passed





A cell’s response to its microenvironment is influenced by interactions between the
cell and 1) neighboring cells, 2) extracellular matrix (ECM) and fluid, and 3) soluble
factors. Cells act as mechanical and chemical sensors as they adapt and respond
to their environment, manifested in morphological changes, cytoskeletal remodeling,
migration, differentiation, proliferation, and regulation of cell processes. From the for-
mation of the zygote, numerous tissue migrations and foldings occur during each stage
of development. How cells in the embryo generate and respond to forces is not fully
known. The cell-cell and cell-matrix adhesions in this epithelial sheet likely serve
as the footholds for generation of cytoskeletal (actomyosin) forces that ultimately
shape the overall coordination of gastrulation and heart development. Neither the
mechanical conditions necessary for this cell behavior, nor the contributions made
by ECM adhesion and stiffness are currently known, and it is not possible to con-
trol these factors in vivo. In vitro experiments allow a controlled environment for
further study the influence of the microenvironment on cell behaviors. Embryonic
explantation studies have been used extensively to tease out regional cardiac induc-
tion signaling, but rigorous studies modulating the stiffness of the substrate for this
stage of heart development have not been completed. An understanding of the native
precardiac mechanical conditions would enable researchers to characterize these vital
stages of development and identify contributions of biomechanical and biochemical
signals essential for heart formation. We artificially vary the substrate compliance in
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this study to determine if it might play a role in the developing embryo. By study-
ing the mechanics in an external in vitro setting, we can isolate specific variables
such as substrate stiffness and inducing factors and identify the potential relationship
between them.
2.2 Gastrulation: The Mechanical Environment
Gastrulation, the formation of three germ layers in early morphologic development
(Figure 1), occurs when epithelial cells in the epiblast undergo epithelial to mesenchy-
mal transition (EMT), delaminate from the basement membrane (the thin ECM layer
beneath the epiblast), and ingress through the primitive streak to form the mesoderm,
the middle mesenchymal cell germ layer in the embryo, and the endoderm, the germ
layer at the base of the embryo. While the mechanical environment within the HH 3
embryo has not been determined, cutting experiments [102] [101] at this stage result
in an opening angle which indicates that there is tension and residual stress in the
embryo, and it has been shown that tensile stresses promote migration in epithelial
sheets. [103]
Figure 1: Avian Gastrulation
At this stage (HH 3), the primitive streak has formed and cardiac progenitor cells
ingress through the anterior region of the streak.
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EMT produces not only a change in cell attachment, but also a change in individ-
ual cell stiffness. [2] The stiffness of ectoderm progenitor cells taken from zebrafish was
compared to that of mesoderm and endoderm progenitors using AFM. Results showed
that ectoderm cells had the highest stiffness, followed by mesoderm and endoderm
progenitors. To measure if this stiffness was due to differential actomyosin activity,
blebbistatin, a myosin inhibitor, was added to the cells and resulting measurements
showed a universal decrease for all progenitor cell types. [53] In vitro cell sorting
experiments using ectoderm and mesoderm cells showed ectoderm cells forming an
inner sphere surrounded by mesoderm cells. The addition of cytochalasin D (actin in-
hibitor) and blebbistatin (myosin inhibitor) disrupted all cell sorting, suggesting that
actomyosin dependent cell tension is required for progenitor sorting. [53] Additional
cell sorting experiments have indicated that cells with high cadherin expression will
migrate to the inner mass of a cell aggregate. [28] In these and other studies, it is
important to consider the changes in the mechanical environment of individual cells
as well as whole tissues.
2.3 Basement Membrane
The mechanical stiffness of the basement membrane may have an effect on the move-
ments of the epithelial epiblast cells during gastrulation because substrate stiffness
has been shown to affect cell migration. [61] [58] [46] The mechanical stiffness of the
basement membrane has not been characterized, but matrix elasticity has been shown
to effect differentiation, [32] migration, [82] [86] and proliferation. [86] In addition to
research measuring the adhesion forces of the cell to various proteins, emerging stud-
ies measure the force with which cells adhere to gels of varying stiffness. Experiments
using fibroblastic and epithelial cells lines as well as explants from rat hearts indicate
that cells migrate and spread on stiff substrates, while they merge to form tissue like
structures on soft substrates. [39] Stiffer substrates tend to induce a more organized
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cytoskeleton and larger stable adhesions. [28] Matrix strain also has an effect on
cell behavior; when cultured on polydimethysiloxane (PDMS) channels under com-
pression, NIH 3T3 fibroblasts elongated along channels and formed actin filaments
perpendicular to compressive strain. [14] Further, when cells are exposed to shear
flow, actin filaments align themselves with the direction of shear stress. [76] As the
substrate stiffness has been shown to affect cell behavior, a better understanding of
development could be gained by characterizing the response of PS cells to varying
substrate stiffness.
2.4 The Quail as a Model System
This study uses the Japanese quail (Coturnix japonica) as a model system to study
gastrulation and cardiac differentiation. In addition to the imaging benefits of a
translucent embryo that begins as a flat disc of cells that can be grown in a heat-
controlled time-lapse microscopy setup, the quail has been used as a model system
originating from Aristotle in the 4th century [36] and has long been considered a
classical model of gastrulation. [96] It is the highest model system (an amniote, i.e.
the fetus is contained in a fluid sac with an external membrane, including reptiles,
birds, mammals) with high-throughput experiments that do not require the sacrifice of
the mother. It is cheaply obtained, and matures faster than chick embryos, allowing
for more experiments in a given period of study. The small egg size relative to
chick eggs also allows for more and cheaper storage and incubation. Circulation was
first discovered in unhatched chick eggs by William Harvey in 1628, [83] and the
quail has an extensive history in the study of cardiac development, [52] particularly
following introduction of the chick-quail chimera technique by Le Douarin, [56] which




REVEALS CRITICAL ROLE FOR RHO KINASE
DURING PRIMITIVE STREAK MORPHOGENESIS1
3.1 Introduction
During gastrulation in amniotes, including reptiles, birds, and mammals, undifferenti-
ated cells in the epiblast move collectively toward the embryonic midline and organize
into a structure known as the primitive streak a critical early morphogenetic process
that results in the formation of the three primary germ layers: endoderm, meso-
derm, and ectoderm. Epithelial-to-mesenchymal transition (EMT) of endodermal
and mesodermal precursors and their subsequent ingression through the primitive
streak sets the stage for organogenesis. As Lewis Wolpert famously remarked, “It is
not birth, marriage, or death, but gastrulation which is truly the most important time
in your life.” [93] Molecular studies over the past couple of decades have identified
critical signaling pathways required for primitive streak formation and maintenance
however, the underlying biophysical mechanisms and cellular driving forces are not
known and are still actively being investigated. [15] [16] [17] [110] [118] While it
has been shown that actomyosin contractility plays a fundamental role in gastrula-
tion movements in anamniote (fish, amphibians) and lower model organisms ranging
from Drosophila (ventral furrow invagination) to Xenopus (blastopore formation),
1HENKELS J, OH J, XU W, OWEN D, SULCHEK T, ZAMIR E. SPATIOTEMPORAL ME-
CHANICAL VARIATION REVEALS CRITICAL ROLE FOR RHO KINASE DURING PRIM-
ITIVE STREAK MORPHOGENESIS. ANN BIOMED ENG. 2013 FEB;41(2):421-32. DOI:
10.1007/S10439-012-0652-Y. EPUB 2012 SEP 7. PMID: 22956163
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surprisingly, its specific role during primitive streak formation remains somewhat of
an enigma. In anamniotes, actomyosin-driven apical constriction − a characteristic
morphogenetic process which drives bending, invagination, and involution of epithe-
lial sheets in embryos [18] [74] − is widely considered to be the primary morphogenetic
initiator of mesendodermal internalization. The current leading models of avian prim-
itive streak formation mostly implicate cell migration driven by chemotaxis [15] [20]
[87] [88] and/or cell-cell intercalation. [110] However, in our understanding of am-
niote gastrulation, additional biophysical mechanisms are at play. We recently showed
that epiblast cells essentially move in concert with their underlying basal lamina, [118]
thus, suggesting to us that the cell trajectories interpreted by other groups as evi-
dence for cell migration (“crawling” of individual cells), instead represent large-scale
tissue-level movements like those generally thought to be driven by apical constriction
in Drosophila or Xenopus embryos. It is well known in mechanics that the apparent
stiffness of a body in tension increases over its reference (non-stressed) state. [117]
This fact has proven to be useful in biophysical studies of cell mechanics, in which ac-
tomyosin contractility results in increased (internal) cellular tension, sometimes called
“pre-stress.” [5] [80] [112] Many previous studies have investigated the changing me-
chanical properties in embryonic processes, for example, sea urchin invagination, [22]
gastrulation, [70] and neural tube elongation and closure [122] in Xenopus, and we
previously probed mechanical properties of the looping chick heart. [116] Surprisingly,
to our knowledge, there are no studies of spatial or temporal changes in mechanical
properties of the epiblast or primitive streak in amniote embryos, even though such
data could potentially yield important insight into the biophysical process of gastru-
lation. In this study, we present for the first time data concerning the mechanical
properties of the avian epiblast and primitive streak, which suggest that primitive
streak formation and epiblast convergence towards the primitive streak are driven
in large part by actomyosin contractility. Our atomic force microscopy (AFM) data
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show that the primitive streak stiffens during early gastrulation and this increase
in stiffness requires Rho kinase-mediated actomyosin contractility. Furthermore, cell
tracking data from time-lapse imaging experiments suggest that actomyosin contrac-
tility is needed for normal convergence of the epiblast cells towards the midline of
the embryo during gastrulation. Taken together, our data represent a leap forward
in our ability to answer Trinkaus fundamental question, “What are the forces that
shape the embryo?” [106]
3.2 Materials and Methods
3.2.1 Avian embryo preparation
Quail eggs (Coturnix Coturnix Japonica, Ozark Eggs, Stover, Missouri) were incu-
bated at 38 ◦C for 2-3 hours. The embryo was dissected from the egg, mounted on
filter paper rings, placed ventral side up on a semi-solid mixture of agar/albumen
(egg whites) (modified after the method of New [13] [74]), and then incubated fur-
ther at 38 ◦C until Hamburger and Hamilton [40] stage 1 (HH1) or stage 3 (HH3)
depending on the experiment. Although the Eyal-Giladi [33] staging system divides
the pre-primitive streak avian embryo into stages X − XIV according to the amount
of hypoblast tissue, for the purpose of this study, we characterized freshly-laid quail
eggs as HH1 because the hypoblast was removed for our experiments. (See following
section for details.)
3.2.2 AFM sample preparation
Preliminary experiments were conducted on whole embryos; however, undulations in
the embryo prevented reliable readings given the working distance of the AFM. Ex-
planting tissue allowed for a reliable analysis of specific embryo regions of interest in
a stress-free state, that is, outside of the tensile environment in the embryo at these
early stages (see Results). Numerous methods were initially attempted to hold tissue
samples stable for AFM testing. This proved to be quite challenging, due to the
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small size, as well as the extreme fragility of the embryonic tissue. Several adhesives,
including poly-L-lysine and fibronectin, which are routinely used for single cell exper-
iments, proved to be too weak. The method that we finally utilized is as follows. In
a glass-bottomed 50-mm plate, an array of 400-µm diameter PDMS microwells (see
subsequent section for microfabrication details) were self adhered to the glass surface.
The dishes were filled with serum-free media (RPMI 1640 + 1X ITS + 1% P/S/L-
glut). HH1 and HH3 quail embryos were placed in PBS containing Mg++/Ca++. A
300-µm-diameter tissue biopsy punch was used to explant (1) anterior (ANT1), (2)
central (CEN1), (3) Kollers sickle (KOL1), and (4) lateral (LAT1) epiblast regions
of HH1 embryos and (1) anterior (ANT3), (2) anterior primitive streak (APS3), (3)
posterior primitive streak (PPS3), and (4) lateral (LAT3) regions of HH3 embryos
(Figure 2).
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Figure 2: Schematic of quail embryo at HH1 and HH3
Brightfield images of HH1 (a) and HH3 (c) quail embryos. A tissue biopsy punch was
used to remove 300-µm-diameter regions of HH1 (a,b) and HH3 (c,d) quail embryos
for AFM analysis. KS, KOL = Kollers sickle. PS = primitive streak. ANT = anterior
epiblast. CEN = center of epiblast. LAT = lateral epiblast. APS = anterior primitive
streak. PPS = posterior primitive streak.
Because the hypoblast is adhered to the lateral edges of the epiblast at HH1 (and
not the bulk of the epiblast where samples were explanted), the hypoblast layer sep-
arated easily from the epiblast layer after explantation with the biopsy punch. For
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each embryo, explants from each region were carefully placed with a pipette in in-
dividual PDMS microwells to enable comparison between specimens as rapidly as
possible. Next, a 3-mm diameter, 20-µm thick copper TEM 150 mesh with approx-
imately 100-µm grid spacing (Structure Probes, Inc., West Chester, PA) was placed
over all samples, thus gently holding them in the microwells while at the same time
allowing access of the AFM probe (Figure 3).
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Figure 3: Atomic force microscopy sample preparation and experimental setup
A schematic of AFM setup is shown in (a) and consists of the following: (1) AFM
cantilever; (2) TEM mesh used to secure (3) tissue explants; (4) PDMS microwells
used to contain samples; (5) glass bottom dish. (b) Shown is a still video frame
from an AFM force-measurement experiment, with label numbers corresponding to
schematic from (a). (c) Sample force versus indentation curve for one indentation.
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Initial indentation tests were conducted to verify that the TEM mesh did not affect
the measured tissue stiffness. For sample transfer to the AFM lab, tissue explants
were further held in place using a polycarbonate filter (pore size 20 µm), 13-mm
diameter, with a thin layer of vacuum grease at the edges to hold it in place over the
copper mesh.
3.2.3 PDMS microwell fabrication
Microwells (400-µm diameter) used to hold the embryo tissue for AFM were fabricated
by a replica molding method. A template used to create a master PDMS mold was
fabricated by standard photolithography. The general process was as follows. (1) A
silicon wafer was cleaned with Piranha solution (4(H2SO4):1(H2O2)) for 10 minutes
to remove any organic compounds, cleaned with hydrofluoric acid [26] for 10 seconds
to remove the oxide layer, and rinsed with DI H2O for 10 minutes. (2) The wafer
was spin-coated with SU-8 (SU-8 2035; Microchem, Newton, MA) to a thickness of
30 to 40 µm; (3) soft-baked to remove solvent by gradually increasing and decreasing
temperature (55 ◦C to 95 ◦C with 2 ◦C/min ramping) and cooled at room temperature
at least for 10 minutes; (4) exposed to UV (365 nm) light through a film mask; (5)
hard-baked on the hot plate to cross-link the SU-8 resin by gradual temperature
change as in the soft-bake process; (6) cooled again on the room temperature for
10 minutes; (7) developed in SU-8 developer (Microchem) to remove the unexposed
photoresist; (8) rinsed with IPA (Isopropanal) to verify development completeness
and rinsed again with DI H2O; and (9) dried with a nitrogen gun. The template
created by photolithography was (1) blown by the nitrogen gun to remove as much
dust as possible on the surface; (2) coated with PDMS pre-polymer (Sylgard 184 kit,
Dow Corning) with 10:1 (wt%) ratio of base and curing agent; (3) placed in a vacuum
chamber to remove air bubbles in the pre-polymer; (4) cured at 110 ◦C for 2 hours;
and (5) peeled from the template to produce the final PDMS microwells.
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3.2.4 Atomic force microscopy
Atomic force microscopy (AFM) is a sensitive device that measures force and dis-
placement simultaneously and has been used in such fields as nanoindentation and
biophysics. [4] [8] The AFM used in our experiments was MFP-3D from Asylum
Research (Santa Barbara, CA). A Nikon Ti inverted optical microscope was com-
bined with the AFM to visualize the sample and cantilever simultaneously during
measurements. The probes used were MCST-AUHW from Veeco (Plainview, NY).
To simplify the contact geometry and minimize the lateral strain of the sample during
indentation, the cantilever was modified by attaching a rigid polystyrene microsphere
of 15-µm diameter, which did not deform during indentation. Measurements were
taken in a liquid media environment at room temperature in a 50-mm fluorodish
from World Precision Instruments (Sarasota, FL). The AFM probe was completely
immersed in the culture media during measurements. The cantilever was calibrated
on the glass bottom of the fluorodish using thermal vibration method [63] with the
resultant thermal spectrum fitted with Lorentzian function to determine the spring
constant. The force versus indentation curve in each measurement was analyzed with
Hertz model [47] [113] to obtain the Young’s modulus of the sample at the loca-
tion of indentation. The Hertz model is widely used in contact mechanics research.
[47] [48] The model was first derived for the normal contact between two deformable
spheres and has been adapted for other contact geometries as well. The mathematical









where α is the radius of the contact region between the indenter and the sample,
δ is the indentation into the material, P is the loading force, R is the effective radius
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where ν1, ν2 are Poissons ratio for the material and the subscripts denote the two
contacting bodies. The embryo sample can be considered flat as compared to the
microsphere, which means R simplify reduces to R1, the radius of the microsphere
used in this study.
The moduli were derived from multiple indentations. Five locations were selected
on each explant—within each location, a force measurement was repeated 5 times.
We found that the variability between different locations on an explant was much
greater than the variability between repetitions on the same location. Therefore, we
averaged the Young’s modulus over 5 repetitions in each location, thus yielding 5
values for each explant.
3.2.5 Pharmaceutical inhibition of Rho Kinase by Y-27632
The Rho kinase (ROCK) inhbitor, Y-27632 (Tocris Bioscience, Ellisville, MO), was
used in AFM, whole embryo culture, and time-lapse imaging experiments to ex-
amine the effect of decreased contraction via the ROCK pathway. For the AFM
samples, embryos were incubated in 100 µM Y-27632 + serum free media (RPMI
1640 + 1X ITS + 1% P/S/L-glut) for 1 hour at 37 ◦C. To examine the effects of
ROCK inhibition on cellular movements using time lapse imaging, embryos were ini-
tially transfected with pCAG-GFP and returned to the agar/albumin culture plates
for 2-3 hours until robust expression was observed. Next, embryos were placed on
freshly prepared culture plates containing 100 µM Y-27632 and placed in our custom
computer-controlled time-lapse microscopy setup. Control and treated embryos were
imaged for up to 5 hours. For the whole embryo culture experiments, Y-27632 was
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dissolved in the agar/albumen media and pre-streak (HH1) embryos were incubated
for 12 hours (overnight).
3.2.6 Electroporation
Plasmid DNA (pCAG GFP; AddGene #11150) was prepared for electroporation by
combining an endotoxin-free concentrated stock of plasmid with Solution A (1 mM
MgCl2, 0.2% Phenol Red in PBS + 1.0 mL 10x PBS + 10.0 µL 1.0 M MgCl2S solution;
Sigma Cat. #M-1028 + 5.0 mL 0.4% Phenol Red solution in H20, Phenol Red, Fisher
Cat. #P-391) producing a final concentration of 1 µg/µL. A glass micropipette was
pulled (Narishige Model PL-10), cut with forceps, and filled with plasmid (∼ 2 µL).
A micropipette holder was secured in a micromanipulator (Narishige). The top elec-
trode (Protech International CUY700P5E) was fixed in a second micromanipulator
(Narishige), and the electroporation chamber (Protech International CUY700P1L)
containing the bottom electrode was filled with Hank’s media and centered on the
microscope (Leica MZ16F) stage. The terminals were attached to the electroporator
(Intracel TSS20 Ovodyne Electroporator). Embryos were transferred to a Millicell R©
cell culture insert (PICM03050) filled with semi-solid culture media, dorsal side up.
The vitelline membrane was pierced with the micropipette and plasmid injected with
the microinjector (Harvard Apparatus Medical Systems Research Products PLI-100).
Then, the micropipette was removed and the top electrode was lowered to the embryo
surface; a drop of 15 µL Hank’s media was used to dissipate surface tension. The
embryo was then electroporated at 4 V with four square pulses of 40-ms duration
(900 ms between pulses). Embryos were then washed in PBS and transferred (dorsal
side down) to a new culture dish for incubation at 37 ◦C until expression was seen.
3.2.7 Time-lapse microscopy
A complete description of the time-lapse microscopy system is given elsewhere. [21]
[84] Briefly, a Leica DMI6000 inverted epiuorescent microscope with a motorized
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BioPrecision stage (Ludl, Hawthorne, NY) controlled by a modular MAC 5000 (Ludl)
automation controller system and CCD digital camera (Hammamatsu Orca) captured
grayscale images at multiple focal planes once every 6 min for the duration of the
experiment. Image processing consisted of collapsing focal planes and outputting a
single focused and “mosaicked” wide-field image per embryo per time point.
3.2.8 Cell tracking
Cells were manually tracked using ImageJ, a freely-available open source image-
processing program. An ImageJ plug−in called “Running Z-Projector” (http://
valelab.ucsf.edu/~nico/IJplugins/Running_ZProjector.html) was used to cre-
ate cell trajectories for 5 consecutive image frames (the equivalent of 30 min of ex-
periment time) at the 1-hour time point, and 30 cells for each embryo were manually
tracked using the built-in measurement tool. The x− and y− coordinates of the cells
were then imported into Matlab (Mathworks, Natick, MA) and the calculated cell
velocities (in µm/min) were fit by a thin plate spline using the Matlab spline tool-
box. Control and drug-treated samples were then averaged to produce an “ensemble”
velocity map for each group, which allowed for simpler comparison.
3.2.9 Statistical analysis
All statistical analyses were performed in R (http://www.r-project.org), a free
software environment for statistical computing and graphics. A one-way omnibus
ANOVA test was completed to ascertain significant differences between the Young’s
modulus within the regions of the HH1 and HH3 embryo groups. Significant differ-
ences were found within the HH3 regions (p<0.001), therefore, an ANOVA pairwise
comparison test was completed on HH3 data. To take into account variation be-
tween individual embryos, a Friedman Test, one version of the rank sum test, was
used. Each of the four regions under consideration within individual embryos (ANT1,
CEN1, LAT1, KOL1, and ANT3, APS3, PPS3, LAT3) was ranked based on stiffness.
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However, in order to use the Friedman Test for nonparametric data and assign ranks
for each region within an embryo sample, missing data from our AFM measurements
had to be imputed.
Missing data from different regions within the same embryo could occur due to the
difficulty of handling samples and fragility of the explants, or on occasion irregular
force curves from the AFM indentations due anomalous causes, such as insufficient
immobilization of the embryo or possible contact of the probe with the embryo at
locations besides the tip. In some cases, the samples were not well constrained by the
TEM trap and moved during the indentation test, thus resulting in unreliable force
curves. Force curves that were deemed unreliable were thrown out. There were a
total of 5 missing data points for HH1 (out of 24 explants isolated from 6 embryos), 2
missing data points for stage 3 controls (out of 36 explants isolated from 9 embryos),
and 2 missing data points for stage 3 embryos treated with Y-27632 (out of 40 explants
isolated from 10 embryos).
Missing data can be classified in several ways. In the best case, data are missing
completely at random (MCAR), which means there is no correlation between the
treatment groups and the missing data. If there is a correlation between missing data
and characteristics of the treatment group, the data are characterized as missing at
random (MAR). [3] In our study, the data were not missing due to any characteristic
of any particular group of samples; hence, the data was considered MCAR.
There are several ways to overcome missing data. First, samples with incomplete
data could be excluded. However, in most cases including ours, this method would
lead to statistically insignificant results and exclude a large percentage of good data.
Other methods of imputation include case analysis, the missing-indicator method,
mean imputation, single imputation, and multiple imputation. Case analysis and
missing-indicator method require a former precedent to be in place, and none exists
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for this study, since, to our knowledge, there are no previous data for primitive streak-
stage mechanical properties in avian embryos. We did not use mean imputation
because it has been shown to produce biased results. [29] In single random imputation
(SRI), a data point is randomly selected from the same data set to fill in the missing
value and a single p-value is calculated. In theory, every time SRI is done, a different
p-value is generated based on the random data point selected, and depending on the
particular (random) data point selected, the p-value may vary considerably. Multiple
random imputation (MRI) consists of repeated selection of random data points from
the set, which are averaged to arrive at a single imputed replacement value for the
missing data point. Essentially, MRI can be considered “bootstrapping” approach
to impute a single data point, and then the filled-in data set is used to generate,
for example, a single p-value from a statistical test. We developed a more robust
version of statistical inference for data sets with missing values. The objective of
our method is to determine confidence intervals for the p-values. Our method is to
iterate SRI 10,000 times and run a statistical test (Friedman test) each time. We
then compute the χ2 values (the statistical output parameter of the Friedman test)
and corresponding p-values for each of the 10,000 SRI iterations, which results in a
bootstrapped p-value distribution.
Finally, to discern statistical differences between regions we used the Friedman
Comparison test. Both SRI and MRI (using 10,000 imputation iterations) were
completed on the HH1, stage 3 controls and Y-27632-treated data sets. Next, the
Friedman Comparison Test was performed on both SRI and MRI data sets.
3.3 Results
3.3.1 Primitive streak mechanically stiffens relative to other epiblast re-
gions during its formation
As described in the Methods, we extracted small circular tissue punches from various
spatially separated regions of pre- and post-primitive streak embryo stages (HH1 and
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HH3) and used atomic force microscopy (AFM) to measure the Young’s modulus of
these different regions. To be clear, in terms of the mechanics, technically, stiffness
should account for both geometric and mechanical properties of the sample. In this
study, since all samples were practically identical circular-shaped punches of similar
thickness (i.e. geometry was held constant across different samples), and since the
indentation was considered small (much less than 1/10 of the tissue thickness), the
Young’s modulus calculated from the analytical AFM experimental model (described
in Methods) actually represents an intrinsic (“true”) elastic measure of tissue me-
chanical properties that is often simply referred to as “stiffness.” In linear elasticity,
the famous Hookes Law relates stress σ (force per area) to strain ε (deformation)
through the Young’s modulus (E): σ = Eε. For example, given more force applied
to a body (left side of equation) of identical shape and size, the body with a larger
Young’s modulus will undergo less strain. By probing the epiblast tissue from differ-
ent regions, we can identify whether a given region becomes stiffer (i.e. E increases)
over time and/or relative to other regions.
It is also important to note that in this study we isolated tissue samples from the
embryo before probing for stiffness, although a previous study on older somite-stage
embryos probed whole embryos with a glass needle. [1] We made this choice because
while it is intact and adherent at its edges to the vitelline membrane, the epiblast at
this stage appears to be under considerable tension as gastrulation proceeds. Such
tension—generally referred to as “residual stress” by biomechanicians—can be re-
vealed by making microsurgical (linear) cuts in the tissue and measuring the size of
the resulting “wound” opening. From previous (unpublished) experiments in our lab,
it appears to us that this tension actually increases over time, starting with virtu-
ally no tension (edges of wound remain virtually closed) at HH1. The importance
of this observation is that increasing tension alone (e.g. think of inflating a balloon
or stretching a rubber band) can create the appearance of increased stiffness, which
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is not necessarily associated with any change in Young’s modulus. Therefore, by
removing the tissue samples from the embryo, we were able, to probe the inherent
or “true” material behavior of each region without using more complicated analysis
that would be necessary otherwise to model the presence of residual stress in the
intact embryo. [119] [117] Furthermore, although handling such small tissue punches
eventually required us to develop a specialized microfabricated holding chamber, our
initial attempts to perform the measurements on whole embryos at such early stages
proved to be even more difficult, since the large-scale geometrical undulations and
extremely large aspect ratio (width-to-thickness) of the embryo prevented stable and
consistent AFM measurements, thus providing us with even more incentive to develop
our ex vivo testing protocol.
Epiblast tissue samples were isolated from the anterior (ANT1), central (CEN1),
Kollers Sickle (KOL1), and lateral (LAT1) regions of HH1 embryos, and anterior
(ANT3), anterior primitive streak (APS3), lateral (LAT3), and posterior primitive
streak (PPS3) regions for HH3 embryos (Figure 2). For each sample, AFM measure-
ments were taken 5 times consecutively in each of 5 different locations within each
individual explant (Figure 4).
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Figure 4: Caption next page.
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Figure 4: (Previous page.) Mechanical properties of epiblast in HH1 and HH3 em-
bryos (a) Young’s modulus of HH1 (left; N=6), HH3 (middle; N=9), and HH3 embryos
treated with Y-27632 (right; N=10). The boxes represent the 25th to 75th percentiles,
and the heavy line represents the median. Whiskers represent the top and bottom
quartiles of the data. Outliers (less than or greater than 1.5 times the inner quar-
tile range) are denoted by open circles. Heavy lines indicate statistical significance
according to a paired t-test (* = p<0.05; ** = p<0.001). (b,c,d) Bootstrapped Fried-
man tests were used to generate a distribution of p-values (see Methods). Note that
the distribution of p-values was always found to be significant (p<0.05) for HH3 con-
trols, and never for HH1 or HH3+Y-27632 embryos, thus confirming the validity of
our imputation method. (e,f,g) Results from Friedman comparison tests with missing
data imputed by single random imputation (SRI). Different letters indicate groups
that are significantly different (p<0.01). (h,i,j) Results from Friedman comparison
tests with missing data imputed by multiple random imputation (MRI). Different
letters indicate groups that are significantly different (p<0.01).
We investigated whether there are spatial differences in Young’s modulus between
the various anatomical regions of the epiblast in HH1 and HH3 embryos. Because it
was not known a priori whether intra-embryo (within individual embryos) or inter-
embryo (between different embryos) variation would be a larger factor in the analysis,
we used both parametric (population mean and variance) and non-parametric tests
(ranks) to make comparisons. First, we use a standard ANOVA test that accounts
for the variance of the entire sample population (i.e. embryos grouped by epiblast
region). We found that for HH1 embryos, there was no statistical difference between
regions according to a one-way omnibus test (p∼0.90; Figure 4a). However, there
was a statistical difference between regions in HH3 embryos (p<0.001). To determine
which region(s) were significantly different from each other, we performed a pairwise
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t-test (Figure 4a). Specifically, the Young’s modulus of the posterior primitive streak
(PPS3) is significantly greater than that of the anterior epiblast (ANT3; p<0.001)
and lateral epiblast (LAT3; p<0.001). The anterior primitive streak (APS3) is sig-
nificantly stiffer than the lateral region (LAT3; p<0.05), but not the anterior portion
of the epiblast (ANT3). No statistically significant difference was found between
the anterior primitive streak (APS3) and posterior primitive streak (PPS3). Finally,
the anterior epiblast (ANT3) and the lateral epiblast (LAT3) were not found to be
statistically different, in terms of Young’s modulus.
A bootstrapped version of the Friedman test was used to look for differences
between regions within embryos that may not be detected by ANOVA, due to large
variation between different embryos (see Methods). The distribution of p-values given
by the bootstrapped test confirms that there are no statistically significant differences
between the defined regions of the HH1 embryos (Figure 4b-d), and there are statis-
tically significant differences within the HH3 data (Figure 4c). Friedman comparison
tests on HH3 embryos using either single random imputation or multiple random im-
putation (MRI) showed that the anterior primitive streak and poster primitive streak
were significantly stiffer relative to the lateral and anterior regions of the epiblast
(Figure 4f,i).
Next, we investigated whether there are temporal changes in Young’s modulus
between stages 1 and 3. We lumped together the data from all regions for HH1,
since they were not statistically different from each other. The Young’s modulus of
the posterior primitive streak (PPS3) was increased by approximately 50% compared
to the HH1 data (p<0.001). The anterior primitive streak was not found to be
statistically different from the HH1 epiblast data. One of the most surprising results
of this study is that anterior (ANT3) and lateral (LAT3) regions of the stage 3
epiblast, which were lumped together since they were not statistically different from
each other, were significantly softer by a factor of about 3 compared to the HH1 data
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(p<0.001). These data suggest that genetically-regulated tissue relaxation may be as
essential as tissue contraction for morphogenetic tissue movements.
3.3.2 Rho Kinase Contributes to Increased Stiffness of Primitive Streak
To investigate whether actomyosin contractility is necessary for primitive streak for-
mation, we treated pre-primitive streak embryos (HH1) with Y-27632, a pharmaceuti-
cal inhibitor of Rho Kinase (ROCK), for 12 hours. The control embryos all developed
normal primitive streaks and were approximately HH3 after 12 hours (N=12). In con-
trast, 10 of 12 Y-27632 treated embryos failed to develop primitive streaks and the
appearance of the epiblast was essentially unchanged from HH1 embryos (Figure 5).
Figure 5: Effects of ROCK inhibition on primitive streak formation
(a) Embryos incubated with ROCK inhibitor (Y-27632) for 12 h failed to form prim-
itive streaks compared to untreated controls. (b,c) Representative brightfield images
of a control HH3 embryo and a Y-27632-treated embryo that did not form a primitive
streak.
To determine the contribution of actomyosin contractility to stiffness in the dif-
ferent regions of the primitive-streak stage epiblast, we treated HH3 embryos with
Y-27632 for 1 hour at 100 µM. Following treatment, 300-µm-diameter epiblast tissue
punches from each of the regions (ANT3, APS3, PPS3, LAT3) were explanted and
the Young’s modulus was measured using AFM. We found that the Young’s modulus
of the anterior and posterior primitive streak treated with Y-27632 was approximately
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3-fold and 2-fold lower, respectively, compared to untreated controls (p<0.001; Fig-
ure 4a). There was no statistical difference found between the anterior or lateral
regions of Y-26732 embryos compared to control embryos. Moreover, both one-way
ANOVA and our modified bootstrapped version of the Friedman test (see Methods)
showed that there are no significant differences in the Young’s modulus between any of
the HH3 embryo regions following Y-27632 treatment (Figure 4 c,f,i,l), thus strongly
suggesting that actomyosin-driven cell contraction causes an increase in primitive
streak stiffness relative to other regions of the HH3 epiblast during gastrulation. A
control experiment was completed to test for viability following Y-27632 treatment.
HH3 embryos were treated with Y-27632 for 1 hour at 100 µM, then transferred to
agar/albumen Y-27632-free plates. At 0, 3, and 12 h time points, a live−dead nuclear
assay indicated no difference between the viability of treated and untreated embryos
(data not shown).
3.3.3 Rho Kinase Inhibition Reduces Epiblast Cell Convergence towards
the Primitive Streak
We investigated the role of ROCK-mediated actomyosin contractility in epiblast
movements in HH3+ embryos. Whole embryos were first electroporated with pCAG-
GFP to fluorescently label the cells and subsequently treated with 100-µM Y-27632.
The embryos were incubated in our time-lapse imaging setup (see Methods), and flu-
orescent and brightfield images were captured every 6 minutes, and then processed
to generate time-lapse movies for motion analysis. Thirty cells from each embryo (N
= 7 controls; N = 13 Y-27632-treated) were manually tracked over five time points
(24 min total) starting at 1 hour into the experiment.
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Figure 6: ROCK inhibition diminishes epiblast cell convergence to midline
Z-projections from time-lapse imaging experiments show that in control embryos,
cells move more rapidly toward the primitive streak (a) than embryos treated with
100-µM Y-27632 (d). Primitive streak (PS) is shown at the left of panels a, b, d,
and e. Arrowheads in (a) denote the beginning (green) and end (red) of a single cell
trajectory over 25 minutes. Ensemble velocity contour maps (b,e) and histograms
(c,f) confirm that cell velocity was significantly reduced in treated embryos (N=13)
compared to controls (N=7; see Methods for details of data analysis).
Upon inspection of the length of the cell trajectories, it appeared that the treated
cells (Figure 6d) had a lower velocity then the control cells (Figure 6a). To quan-
tify this phenomenon, individual cell velocities for each embryo were fit with a spline
function and used to make a composite or “ensemble” velocity map averaging all mea-
surements for control (Figure 6b) and Y-27632 treated embryos (Figure 6e). Our data
showed that there was an approximately two-fold decrease in cell velocity after ROCK
inhibition (Figure 6c,f), and the difference was statistically significant (p<0.001).
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3.4 Discussion
Our data suggest a much more critical role for ROCK-mediated actomyosin contrac-
tility in primitive streak formation and epiblast convergence in amniotes than has
previously been reported. Culturing pre-primitive streak embryos overnight (12 h)
in media containing Y-27632 blocked primitive streak formation in 10 out of 12 em-
bryos. This dramatic effect of ROCK inhibition contradicts a previous study that
reported 13/15 embryos developed normal primitive streaks when treated with Y-
27632; [18] however, the authors of that study did not report any concentration data,
and we speculate that they used a much lower concentration than was used in our
study. They also used blebbistatin, a myosin II inhibitor, and found no significant
perturbations in epiblast movements, but the reported concentration was only 5 µM,
which we have found needs to be used upwards of 200 µM before effects are even
noticeable (unpublished data). The requirement for much higher concentrations of
pharmaceutical inhibitors in semi-solid avian culture has been noted previously in a
study of early heart development. [112] Furthermore, previous studies of actomyosin
contractility in Xenopus embryos have also reported using a range of concentrations
of pharmaceutical inhibitors similar to the current study. [57] Therefore, it is not
surprising to us that the previous study by Chuai [18] did not find any effect.
The observed effects of ROCK inhibition on primitive streak formation could be
due to signaling pathways other than those directly involved in actomyosin contractil-
ity. For example, ROCK is important for cell adhesion and proliferation. It is possible
that during the relatively long incubation time needed to test whether the primitive
streak forms, these and other downstream pathways may have been perturbed. Our
hypothesis that the main effects of ROCK inhibition on primitive streak formation
are specifically due to a reduction in actomyosin contractility lead us to make the
following predictions: 1) The primitive streak is stiffer than the pre-primitive streak
stage epiblast due to increased actomyosin contractility; 2) The primitive streak is
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stiffer than other regions of the stage 3 epiblast due to localized increase in actomyosin
contractility; 3) Primitive streak stiffness will decrease very rapidly after ROCK in-
hibition; and 4) Epiblast convergence to the embryonic midline will be reduced very
rapidly after ROCK inhibition. Each of these predictions was tested, and taken
together the results support our overall hypothesis that each “wave” of cells that pro-
gresses through the primitive streak constricts and then ingresses, and the subsequent
wave of cells constricts and ingresses. In this way, each individual cell constriction at
the primitive streak contributes to the overall tissue movement of the epiblast toward
the primitive streak.
Our AFM data show that the Young’s modulus of the posterior primitive streak
is approximately 50% greater than the HH1 epiblast; interestingly, however, the an-
terior primitive streak was not found to be significantly different. We speculate
that the reason for the difference between the anterior and posterior portions of
the primitive streak results is due to a gradient of actomyosin contraction along the
anterior-posterior axis of the primitive streak. Our cell tracking data indicate that
epiblast cells move faster toward the posterior primitive streak compared to the ante-
rior primitive streak (Figure 6), which may be the result of a gradient of actomyosin
contractility. We suggest that these data could be input into a mathematical model of
epiblast morphogenesis similar to a recent model proposed by Sandersius, [87] except
cell movement would be driven by an actomyosin contractility gradient instead of a
chemotactic gradient.
It could be that the increased stiffness of the primitive streak at HH3 is indicative
of an overall increase in stiffness in the embryo as a result of tissue differentiation,
but our data do not support this idea. Instead we find that the anterior and posterior
portions of the primitive streak are both stiffer than the anterior and lateral portions
of the HH3 epiblast.
A surprising finding in our AFM data is that the Young’s Modulus of the anterior
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and lateral regions of the HH3 epiblast is 3-fold lower than the HH1 epiblast. This
unexpected result could be due to remodeling of cellular architecture, which results
in a decrease in mechanical stiffness in these regions. It appears that a decrease in
cell stiffness outside of the primitive streak accommodates the required movements of
epiblast morphogenesis. In other words, non-primitive streak epiblast cells actively
lower their compliance to “go with the flow” during this dynamic stage of devel-
opment. Genetically-regulated “tissue softening,” whether it works in concert with
tissue stiffening or alone, is likely a major component in determining specific mor-
phogenic outcomes. In Xenopus, it has been shown that the mechanical properties
of the tissues surrounding the apically-constricting blastoporal cells determine the
resulting shape changes and movements of surrounding tissues. [41]
Our results of velocity mapping of cell convergence towards the primitive streak
showed that the cells move more quickly in the lateral epiblast than just outside the
primitive streak, that is, they move faster further away from the primitive streak and
then decrease in velocity near the primitive streak. In addition, our AFM results
showed that the faster-moving lateral region was significantly softer than the slower
moving tissue taken from near the primitive streak, which was stiffer than the rest
of the embryo. These results support our hypothesis that tissues soften during devel-
opment to move more quickly in formative developmental processes, whereas stiffer
tissues are more resistant to large-scale movement, as was seen in the velocity of cells
in the stiffer region of the primitive streak.
The data from our AFM and time-lapse imaging experiments show that Y-27632
has immediate effects on the embryo. Following ROCK inhibition, the stiffness of the
primitive streak dramatically decreases, however, the anterior and lateral regions do
not exhibit a decrease in stiffness. The overall result is that the difference in stiffness
between the different regions was abolished after treatment. ROCK inhibition also
caused significant phenotypic changes almost immediately, as evidenced by a 50%
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reduction in the velocity of cell convergence toward the primitive streak.
Current models of amniote gastrulation and, specifically, primitive streak mor-
phogenesis, do not take into account mechanical properties of the embryo, let alone
the spatiotemporal variation of mechanical properties that we have shown here. In
general, biomechanical properties are due to a combination of active and passive pro-
cesses at the cellular and sub-cellular level. It has previously been shown in other
widely used model organisms, including the sea urchin and Xenopus, that changes in
both active and passive mechanical properties are critical for normal developmental
processes. Our data strongly suggest that an increase in primitive streak stiffness
during early gastrulation is due primarily to an active process driven by actomyosin
contractility and requires ROCK. In other words, what we measure as an increase in
tissue stiffness with the AFM, is not simply correlated with an active process, but
actually represents the process itself (i.e. “the forces that shape the embryo”).
It is widely believed that actomyosin contractility, in the form of apical constric-
tion, drives gastrulation in anamniote organisms. Furthermore, histological evidence
for apical constriction (showing “bottle-neck cells”) has been presented previously
for avian embryos, [73] so it is surprising to us that none of the current models for
primitive streak formation, to our knowledge, explicitly involve or invoke actomyosin
contractility. Our data suggest that the avian embryo, and more generally amniotes,
utilize actomyosin contractility for epiblast morphogenesis, thus, perhaps, represent-
ing a more evolutionarily conserved mechanism than previously thought. We hope
that our data spur further experimental and computational studies in this area to




EFFECTS OF SUBSTRATE STIFFNESS ON
PROSPECTIVE AVIAN CARDIAC CELL FATE
4.1 Introduction
4.1.1 Avian Cardiogenesis
In the avian pre-primitive streak blastula (EK stages X-XIV), [33] prospective heart
cells occupy the posterior medial portion of the epiblast, the region of Kollers sickle
from which the primitive streak extends [42] (Figure 7a).
37
Figure 7: Fate mapping of avian cardiac progenitor cells (Nakajima et al. 2009).
After primitive streak formation during early stages of gastrulation (HH3), pre-
sumptive heart cells reside in the anterior half of the primitive streak (Figure 7b).
By midprimitive-streak stages (HH4) (Figure 7c), cardiogenic cell ingression is com-
plete, and somite-fated cells ingress in the same region. [35] The precursors of the
3 rostrocaudal divisions of the primitive heart tube also occur in that order within
38
the primitive streak, [81] [25] [94] though it has been shown that rostrocaudal pat-
terning is not determined in the streak. [45] After ingression, cardiac regions migrate
anterolaterally (HH5 and HH6) (Figure 7d) to form a lateral plate mesoderm on each
side of the primitive streak, termed the precardiac mesoderm. [35] [90] [67] The most
lateral portion of the lateral mesoderm are termed the heart forming regions (HFR).
[19] These HFRs have been explanted and found to differentiate into heart muscle.
[81] HFR cells are in continuous contact with the anterior endoderm. [92] At stage 6
cardiac precursors epithelialize, and during stage 7 they form the splanchnic (ventral)
and somatic (dorsal) mesoderm separated by a space called the pericardial coelom [60]
(pronounced see’-lum). N-cadherin localization has been shown to be essential during
pericardial coelom formation and epithelialization of the differentiating myocardium.
[60] The coelom cavities migrate and join at the ventral midline of the embryo and
continue to fuse in the anterior and posterior directions [71] at the 4-somite stage in
the quail embryo [27] and at the 7-somite stage in the chick embryo [94] to form the
primitive heart tube (Figure 7e). Following these events, the heart tube loops and
undergoes septation and valve formation.
4.1.2 SMAA in Heart Formation
Many markers have been shown to identify cardiac differentiation including N-cadherin
[60] and myofibrillar proteins including troponin, [34] cardiac C-protein, [34] myosin
heavy-chain, [34] myosin light-chain, tropomyosin, actin isoforms, [98] muscle α−actinin,
[30] and cNkx-2.5. [90] SMAA expression first marks the onset of cardiac cell differ-
entiation [85] and SMAA is the major isoform of the actin family in vascular tissue.
[98] [19] SMAA mRNA was first discovered during the early stages of heart tube
formation in stages HH8 and HH9 avian cardiac tissue. [85] The earliest detection of
SMAA transcripts in the embryo is stage HH5 in right and left anterior regions and
is present in the coelom. [19] Translated SMAA was first seen at stage HH9, detected
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exclusively in the heart. [98] It is first transcribed at HH7+, at the fusion of the
bilateral heart forming regions. [19] At HH12, the smooth muscle alpha-actin was
down-regulated in the heart, remaining only in the conus, which forms the vascular
trunks [85] and SMAA is replaced by sarcomeric actin. [98]
4.1.3 Induction of Cardiac Myogenesis
4.1.3.1 Pregastrula Hypoblast
There are several signals necessary for proper cardiogenesis. Two known critical tissue
interactions are necessary for myocardial cell specification. The first essential tissue
interaction is between the pregastrula hypoblast and posterior epiblast during stages
EK XI XIV. [97] [114] [55] [68] [67] At these stages, cardiac progenitor cells lie in
the posterior region of the embryo in Kollers sickle. [42] It has been shown that the
hypoblast can induce cardiac myocytes in anterior and posterior pre- and mid-gastrula
epiblast (stage HH1, HH3) and can induce a limited amount of cardiac cells in stage 4
posterior primitive streak, suggesting that signaling from the hypoblast prior to stage
3 is required for cardiac myogenesis. [114] There are many potential inducing factors
in the pregastrula hypoblast. Activin, TGFβ-1, and FGF-4 (but not BMP-2 or -4)
can induce cardiac myogenesis in the stage EK XI XIII posterior epiblast, [55] where
the cardiac progenitor cells reside at that stage. Activin has been shown to induce
a notochord and somites in stage XIII epiblast. [69] In addition, explants from the
epiblast or posterior PS have shown a dose−dependent response to activin resulting
in a number of mesodermal cell types, suggesting that activin may play a role in
multiple signaling pathways at various embryo stages. [97] Cardiac myocytes can be
induced from the posterior epiblast with activin, and inhibited by the activin-binding
protein follistatin. [114] [24] Fgf8b is expressed in the hypoblast, and an anti-FGF8b
antibody inhibits the expression of BMP-independent cardiomyocyte genes such as
SMAA, cTNT, and Tbx5. [67]
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4.1.3.2 Anterior Lateral Endoderm
The second cardiac-inducing tissue interaction occurs between the heart forming re-
gions of the anterior lateral mesoderm and the anterior lateral endoderm at stage
HH5. [6] [99] [90] [91] [55] [75] The anterior lateral endoderm from stage HH5 did
not effectively induce cardiogenesis in epiblast cells, but was able to induce cardiac
myocytes in stage 4 primitive streak cells. [114] In the anterior lateral endoderm,
fibroblast growth factor 2 (FGF-2), [100] activin-A, [99] and IGF-II [7] play a role
in cardiac induction. Anterior lateral endoderm produces BMP-2 and FGF-4, which
in combination can induce cardiac myogenesis in stage 5/6 posterior mesoderm. [62]
However, BMP-2 and -4 cannot induce cardiac myocytes in stages EK XI XIV, [55]
which suggests that BMP signaling occurs after these stages. Activin is produced
in the anterior lateral endoderm and supports cardiac differentiation in the posterior
mesoderm. [99] Schultheis [90] did inductive experiments on the posterior primitive
streak of stage 4 embryos in which he showed that these normally non-cardiogenic
cells can be induced to become cardiac myocytes with anterior lateral endoderm or
anterior central mesoderm. His hypothesis suggests that signaling molecules in the
anterior endoderm can induce cardiac myogenesis while inductive and inhibitory sig-
nals act in the anterior mesendoderm.
There are a few possible explanations for cardiac induction. Cardiac myocytes
could be induced by the hypoblast at stage 2-3 and then maintained by the AL en-
doderm. Both signals from the hypoblast and endoderm could be required to act
simultaneously. The signaling could be initiated by the hypoblast and then speci-
fied by the endoderm. It is not either-or, because epiblast cannot be induced with
endoderm signals, [55] [114] so it seems that hypoblast signaling precedes endoderm
signaling in the process.
Yatskievych [114] asserts that myocardial cell specification is underway by stage 3,
as explants from stage 3 can form cardiac myocytes. Inagaki [45] did explant studies
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that showed that regions of the PS normally destined to form the heart do not do
so when transplanted to other regions of the streak. The differences between these
2 scenarios is the in the Yatskievych scenario, tissues were explanted and therefore
not subjected to further signaling in the embryo, whereas in the Inagaki experiments,
explants were transplanted and subjected to further signaling within the embryo.
This suggests that inhibitory signaling plays a role in the embryo to specify fated
heart cells.
There have been many developmental cardiac differentiation studies using em-
bryonic explants from gastrula and pre-gastrula avian embryos (stage HH1-3, 0-12
h of incubation) over the past twenty years, but most of these have been conducted
on glass [67] [68] [55] [114] [30] [99] [6] [37] or a collagen gel [91] or a floating filter
raft. [90] Differentiated embryonic cardiac myocytes (harvested at 4, 7, and 10 days
of incubation) have previously been cultured on flexible substrates to assess an ideal
substrate stiffness for beating, [31] and 3-day-old (after heart formation and looping)
embryonic cardiac myocytes have been cultured on soft substrates to assess cardiac
differentiation, [115] but no rigorous study has been completed to examine the role of
mechanics − specifically, substrate stiffness − in early heart development reminscent
of the body of previous work on gastrula and pre-gastrula embryos (0-12 h incubation
and prior to heart formation). The objective of this study is to determine the effects
of substrate stiffness on cardiac induction. An initial immunofluorescence screen-
ing of cardiac markers including sarcomeric α−actinin, smooth muscle alpha actin
(SMAA), E-cadherin, N-cadherin, MF20, β1 integrin, vinculin, and Nkx2.5 yielded
positive staining for SMAA, E-cadherin, and vinculin. Explants from the anterior and
posterior primitive streak of quail embryos were cultured on fibronectin-coated 70 kPa
and 250 kPa Sylgard 527 PDMS (Figure 8). Samples were stained with E-cadherin,
SMAA, and Vinculin, the the same field was imaged for all 3 stains. Images were
exported to Matlab for quantitative analysis. The staining of these three markers has
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been quantified to show that substrate stiffness alters the differentiation of precardiac
cells, as indicated by SMAA, E-cadherin, and vinculin staining patterns.
Figure 8: Experimental overview
Explants from the anterior and posterior primitive streak were cultured on fibronectin-
coated 70 kPa and 250 kPa Sylgard 527 PDMS. Samples were stained with E-cadherin,
SMAA, and Vinculin, the the same field was imaged for all 3 stains. Images were
exported to Matlab for quantitative analysis.
4.2 Methods and Materials
4.2.1 PDMS fabrication
Dow Corning SYLGARD R© 527 A/B Silicone (polydimethysiloxane) Dielectric Gel
was combined in ratios of 0.1:1 and 1.5:1 (A:B) (wt%) and mixed vigorously with
a pipette tip for 5 minutes. 50 µL of the mixture was pipetted onto 18-mm glass
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coverslips in a Laurell Spin Coater (WS-400BZ-6NPP) and spun at 1500 rpm for 10
seconds. 0.1:1 coverslips were cured in a silanized dish at 90 ◦C for 24 h and 25 ◦C for
24 h. 1.5:1 coverslips were cured at 70 ◦C for 72 h and 25 ◦C for 24 h. In particular for
the “soft” PDMS, cure time was empirically determined by placing a clean coverslip
on top of the cured PDMS layer on its coverslip. Substrates were considered “cured”
if the clean coverslip could be pulled away without disturbing the surface features
and continuity of the PDMS substrate and with no reside remaining on the clean
coverslip.
4.2.2 Atomic force microscopy
An MFP-3D atomic force microscope from Asylum Research (Santa Barbara, CA)
(setup described previously, [44]) was used to characterize the stiffness of the SYLGARD R©
527 substrates in ratios of 0.1:1 and 1.5:1 (A:B). To decrease surface tension and
simplify contact mechanics, a 15−µm-diameter polystyrene bead was attached to a
Bruker triangular AFM cantilever (Figure 9a). Indentation force curves (force vs. in-
dentation) were fitted to the Hertz model to determine the modulus for 0.1:1 PDMS
indentations (described previously [44]). However, we found that the modulus varied
with indentation depth for the “soft” 1.5:1 PDMS substrates. Therefore, using the
Hertz model, we plotted the modulus vs. indentation depth for each indentation in
1.5:1 PDMS and averaged the moduli in the linear region of the curve (sample curve,
Figure 9b). Measurements were taken under water at room temperature in a 50-mm
fluorodish from World Precision Instruments (Sarasota, FL). Three regions per sam-
ple were indented with 5 indentations per region across several sample preparations.
4.2.3 Fibronectin-substrate coating
PDMS substrates were coated with fibronectin (FN) as follows. PDMS-coated 18-mm
coverslips were incubated with 10µg/mL FN overnight at 37 ◦C and washed 3 times
with sterile PBS.
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4.2.4 Anterior and posterior primitive streak culture
Embryos were cultured at stage HH3 (12 14 h) using the New egg culture technique.
[74] Anterior and posterior primitive streak explants were cut using sterile glass nee-
dles pulled with a micropipette puller (Narishige Model PC-10) under a dissecting
microscope (Leica MZ16F). Explants were placed on FN-coated PDMS substrates in
serum-free media (RPMI 1640 + 1% ITS + 1% P/S) and incubated at 37 ◦C for 72
h.
4.2.5 Cardiac cell isolation
Hearts were harvested from 3-day-old quail embryos using sterile glass needles pulled
with a micropipette puller (Narishige Model PC-10). After incubating in 1x (0.05%)
trypsin + 0.5 mM EDTA at 37 ◦C for 15 minutes and quenching with media (DMEM-
F12 + 10% FBS + 1% P/S), the tissue was gently dissociated by 50 passes in a 2
mL pipette tube. Cells were pelleted at 500 rpm for 5 minutes, resuspended in fresh
media, and seeded at a density of 6 hearts per 18-mm substrate in a 12-well plate
and incubated at 37 ◦C for 72 h.
4.2.6 Immunofluorescence staining and imaging
Primitive streak and cardiac cell cultures were rinsed with ice-cold PBS, incubated
in ice-cold Cytoskeleton (CSK) Buffer [10 mM PIPES buffer, 50 mM NaCl, 150
mM sucrose, 3mM MgCl2, 1 mM PMSF, 1 g/mL leupeptin, 1 g/mL aprotinin, 1
g/mL pepstatin] for 2 minutes, incubated in 2 separate washes of CSK buffer with
0.5% (v/v) Triton X-100, and fixed for 30 minutes in 3% paraformaldehyde in PBS
at 25 ◦C. Samples were washed 3 times with DPBS and blocked with 3% BSA in
PBS + 0.05% sodium azide (blocking buffer) for 1 h at 25 ◦C. Samples were then
incubated with a primary vinculin antibody (SIGMA V4505, clone VIN-11-5) at a
concentration of 2.6 mg/mL diluted in blocking buffer for 1 h at 25 ◦C, rinsed 3 times
with DPBS for 5 minutes each, incubated with Alexa Fluor R© 488-conjugated goat
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anti-mouse isotype-IgG1-specific secondary (Jackson ImmunoResearch 115-545-205)
at 14 µg/mL, and rinsed 3 times with DPBS for 5 minutes each. Smooth muscle
alpha actin (SMAA) monoclonal antibody (Pierce MA1-06110, isotype IgG2a, clone
1A4) was directly conjugated to rhodamine phalloidin using an EasyLink Rhodamine
Conjugation Kit (Abcam ab102915). Samples were incubated with the SMAA direct
conjugate (1 g/mL ) and Alexa Fluor R© 647 Mouse anti-E-Cadherin direct conjugate
(BD Pharmingen 560062, isotype IgG2a) at 5 µg/mL for 1 h at 25 ◦C, then rinsed 2
times with DPBS and once with Millipore water for 5 minutes each. Samples from
each experimental group were labeled with isotype controls at the same concentration
as the corresponding primary antibody for 1 h at 25 ◦C (Alexa Fluor R© 647 Mouse
IgG2a Isotype Control, BioLegend 400234; DylightTM 488 conjugate IgG1 Isotype
Control, Enzo Life Sciences ADI-SAB-600-488; Rhodamine conjugated Mouse IgG2a
Isotype Control, Rockland 010-0041), then rinsed 2 times with DPBS and once with
Millipore water for 5 minutes each. Samples were mounted ProLong R© Gold Antifade
Reagent. Images were taken on a Leica DMI6000B inverted microscope with a Ludl
Mac5000 controller and Hamamatsu ORCA-ER camera at 10x with 1x1 binning.
Exposure time was set using isotype controls before imaging each experimental group.
The 10x magnification and 1x1 binning were selected by imaging several samples at
5x, 10x, and 20x and at 1x1 and 2x2 binning, importing the images into Matlab, and
quantifying per usual with absolute and ratio intensities. The 10x magnification and
1x1 binning were selected based on the quantification results—staining differences
were best captured (differences within the same regions showed the most differences)
under these conditions.
4.2.7 Image analysis
Images were imported into MATLAB for calculating absolute values and ratios of
immunoflourescence staining for each marker.
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4.2.8 Statistical analysis
Statistical analyses were performed in R (http://www.r-project.org), a free soft-
ware environment for statistical computing and graphics, and paired t tests were
conducted in Numbers from the iWork suite.
4.3 Results
4.3.1 Substrate mechanical characterization
The substrate used in this study, polydimethylsiloxane (PDMS) (Dow Corning SYLGARD R©
527 A/B Silicone Dielectric Gel) was chosen for its range of moduli in addition to its
biological inertness and optical translucence. Coverslips were spin-coated (see Meth-
ods) and cured, then tested on a MFP-3D atomic force microscope. PDMS ratios
of 0.1:1 (A:B) and 1.5:1 were mixed in multiple preparations, then indented 5 times
in different regions. Data were shown to be consistent through multiple substrate
preparations.
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Figure 9: AFM characterization of PDMS substrates
A) Bruker triangular AFM cantilevers were funtionalized for this study by attaching
a 15−µm-diameter polystyrene bead. B) Sample of a modulus (E) vs. indentation
plot used to determine the moduli of indentations on “soft” 1.5:1 PDMS. C) Moduli
of regions of 0.1:1 PDMS. Boxes represent the 25th to 75th percentiles, and the
heavy line represents the median. Whiskers represent the top and bottom quartiles
of the data. Outliers (less than or greater than 1.5 times the inner quartile range)
are denoted by open circles. D) Moduli of regions of 1.5:1 PDMS. E) Modulus per
region with standard deviations for 0.1:1 PDMS. F) Modulus per region with standard
deviations for 1.5:1 PDMS.
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A Bruker triangular AFM cantilever was functionalized for indenting PDMS by
attaching a 15−µm-diameter polystyrene bead to the tip (Figure 9a). Indentations
were fit to the Hertz model for 0.1:1 “stiff” PDMS indentations, however, we found
that there was often not a straightforward fit to the Hertz model for force curves
of the 1.5:1 PDMS “soft” substrates. Therefore, using the Hertz model, we plotted
the modulus vs. indentation depth for each indentation in 1.5:1 PDMS and averaged
the moduli in the linear region of the curve (Figure 9b). We show the measured
moduli per region of each PDMS ratio in plots (Figure 9c,d) and tables (Figure 9e,f).
Interestingly, the variation across the regions shows the heterogeneity of the sample.
Soft substrates are often characterized without a mention of possible variation within
the microscturcture and modulus of the material. The average moduli of 250 Pa
for 1.5:1 PDMS and 70 kPa for the 0.1:1 PDMS will be referred to throughout the
remainder of this paper as “soft” and “stiff” for simplicity.
4.3.2 SMAA, ECad, and VIN image quantification distinguishes between
cell types
The heterogeneity of primitive streak explants and regional differences in markers and
morphology prompted us to devise an unbiased imaging method to quantify differ-
ences between marker expression in different regions. After a cardiac marker screen-
ing for smooth muscle alpha actin, sarcomeric α−actinin, E-cadherin, N-cadherin,
vinculin, MF20, β1 integrin, and Nkx2.5, we found that the strongest markers for
the primitive streak explants were smooth muscle alpha actin (SMAA), E-cadherin
(ECad), and vinculin (VIN). After setting exposure time according to isotype con-
trols (see Methods), we took images of 4 specific cell/morphology types. First, the
anterior primitive streak explants exhibited both epithelial and mesenchymal regions,
and both were imaged. Second, the posterior primitive streak exhibited primarily
mesenchymal cell regions. Lastly, cultured cardiac cells isolated from 3-day-old beat-
ing embryonic hearts (see Methods) displayed purely mesenchymal fields. The same
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field was imaged for each of the three markers (SMAA, ECad, VIN) for each sample
in each of the 4 cell types. The results of our primary experiment on glass can be
seen in Figure 10.
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Figure 10: Anterior and posterior primitive streak explants and cardiac cells on
glass. Rows represent the same field of a sample image from each of 4 experimental
groups: epithelial cells from the anterior primitive streak (A,B,C), mesenchymal cells
from the anterior primitive streak (D,E,F), mesenchymal cells from the posterior
primitive streak (G,H,I), and mesenchymal cardiac cells (J,K,L). Columns represent
each marker: E-Cadherin (A,D,G,J), SMAA (B,E,H,K), and Vinculin (C,F,I,L). ALL
SCALE BARS ARE 100 µm.
51
The epithelial region of anterior primitive streak explants on FN-coated glass (first
row, Figure 10a,b,c) exhibited E-Cadherin staining at the cell-cell borders (yellow
arrowheads, in Figure 10a inset). Cells appear to form a single layer of cuboidal
epithelial cells. There were low levels of SMAA staining (Figure 10b) with 2 or 3 cells
in the field expressing SMAA. This was not surprising considering that precardiac
cells do not re-epithelialize until stage HH6 when they form the splanchnic (ventral)
and somatic (dorsal) mesoderm (Figure 7d2) and SMAA translation does not occur
until stage HH9. Vinculin appears at the cell-cell junctions and is colocalized with
E-Cadherin at the cell boarders (orange arrowheads, Figure 10c inset). In addition,
vinculin is localized to focal adhesions beneath the epithelial cells (green arrowheads,
Figure 10c inset). The pattern of focal adhesions is just inside the cell periphery, and
they are largely not present at the cell centers.
In the mesenchymal region of anterior primitive streak explants on FN-coated
glass (second row, Figure 10), there was little to no E-caderin staining, which is
not surprising given the mesenchymal phenotype. Any glimpse of E-cadherin was
not localized to the cell borders. The mesenchymal region of the anterior primitive
streak exhibited SMAA staining, which was interesting because, as we have stated
previously, this is the specific region where precardiac cells reside, and SMAA is the
first cardiac marker. While SMAA appears to be ubiquitous throughout the cells,
it is also localized to filaments that span the cell (red arrowhead, Figure 10e inset)
and if there is any heterogeneity in the expression, SMAA tends to be localized in
filaments more to the peripheries than the center of the cells. In the mesenchymal
anterior primitive streak, vinculin was visible in focal adhesions throughout the cell
but in particular heavily dotting the cell borders (green arrowheads, Figure 10f inset).
The posterior primitive streak on FN-coated glass (third row of Figure 10) exhib-
ited a predominantly mesenchymal phenotype without any epithelial regions. Similar
to the mesenchymal region of the anterior primitive streak, there was no E-cadherin
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staining (Figure 10g). SMAA staining was seen throughout the cell and highlighted
filaments spanning the cells that generally ran closer to the cell periphery than center
(red arrowhead Figure 10h inset). A difference between the anterior and posterior
primitive streak mesenchymal regions was the cell spreading. Across all images, the
posterior primitive streak showed cells more spread than the anterior region. Vin-
culin staining was localized to often elongated focal adhesions (green arrowheads,
Figure 10i inset) at the cell periphery and more compact focal adhesions throughout
the rest of the cell area.
Cardiac cells on glass (bottom row, Figure 10) were largely negative for E-cadherin,
and any visible fluorescence was not localized to the cell border. SMAA staining
showed very distinct and concentrated actin filaments (red arrowheads, Figure 10k
inset) and overall staining was the brightest of the four cell types. Cell spreading was
comparable or larger than mesenchymal posterior primitive streak cells. Vinculin was
localized to focal adhesions throughout the cells but concentrated at the cell borders
(green arrowheads, Figure 10l inset).
Of the 4 cell types, only the epithelial anterior primitive streak cells were positive
for E-cadherin (column 1 of Figure 10). All 3 mesemchymal phenotypes were positive
for SMAA (column 2 of Figure 10) with the cardiac cells exhibiting the highest level
of staining (quantified in Figure 9). Lastly, vinculin was positive in all 4 cell types
(column 3 of Figure 10), but while it was localized to focal adhesions in all 4 cell
types, it was only localized to cell-cell junctions in the epithelial anterior primitive
streak cells.
To strengthen the comparisons between differences in the intensities of the stains
in different regions and to address the heterogeneity of the samples and the similar
phenotypes of the mesenchymal cells from different regions, we developed an unbiased
method to quantify differences between regions. We imported the raw images into
Matlab and plotted the fluorescence intensities for each stain across all samples from
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each sample type (Figure 11a-d). We noticed that across all repetitions of these
experiments the intensity of vinculin staining appeared to be at a similar level for all
sample groups and provided a “baseline” stain across all groups regardless of region
or substrate. In an effort to take into account field-to-field differences between the
10x images (i.e., cell spreading, sample morphology, and cell count), we normalized
the E-cadherin and SMAA intensities to the vinculin fluorescence intensity (E/V and
S/V) for each sample (Figure 11e-h) to express the E-cadherin and SMAA staining
levels while accounting for differences between fields. We believe this is the most
accurate method, that is, showing the actual differences between the sample types
and the clearest method for the purpose of comparison.
It is important to note that the representative images shown in this study have
been optimized to display cell features of interest, however, all quantification has been
conducted on raw images using tif files taken directly from the microscope.
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Figure 11: Ecad, SMAA, and VIN intensity in anterior and posterior primitive streak
explants and cardiac cells on glass.
The boxes represent the 25th to 75th percentiles, and the heavy line represents the
median. Whiskers represent the top and bottom quartiles of the data. Outliers (less
than or greater than 1.5 times the inner quartile range) are denoted by open circles.
The absolute intensity value of each marker is displayed for anterior PS explants
epithelial cells (A), anterior PS explant mesenchymal cells (B), posterior PS explant
mesenchymal cells (C), and mesenchymal cardiac cells (D). ECad and SMAA levels
are normalized to the vinculin staining for each cell type directly beneath (E,F,G,H).
On glass, the absolute intensities of E-cadherin reflect the observations of the pre-
vious figure. E-cadherin levels are highest in the epithelial anterior primitive streak
explants (Figure 11a), lowest in the mesenchymal regions of the anterior and poster
primitive streak explants (Figure 11b,c), and only slightly higher in the cardiac cells
55
(Figure 11d). SMAA levels escalate across the board. As previously discussed, we be-
lieve the ratios and not the absolute intensities give the most accurate quantification,
taking into account the variables of cell count and spreading. The apparent close-
ness of the SMAA staining in epithelial (Figure 11a) and mesenchymal (Figure 11b)
anterior primitive streak is the most apparent example. Posterior primitive streak
absolute SMAA levels (Figure 11c) are slightly higher than the anterior primitive
streak explants (Figure 11a,b), and the cardiac cells have the highest level of SMAA
staining (Figure 11d). The vinculin staining levels were identical for all mesenchymal
regions (Figure 11b,c,d), but were slightly elevated for the anterior epithelial group
(Figure 11a). It is important to note that using this method, we do not consider
it valuable to compare staining levels of different stains in the same sample because
even though we use isotype controls (see Methods), we use different antibodies for
each protein of interest. Each antibody has unique binding properties, which vary
between our 3 markers of interest. Our intensity readings measure the comparative
presence of each antibody under different experimental conditions, not the antigen it-
self. Our method quantifies the presence of an antibody as an indicator of its antigen,
not a direct quantification of the antigen. In addition, the stains are imaged using
different filters. Therefore, we would like to be clear that the primary comparison is
same marker between different sample types or substrates and not between markers
within the same sample. This method was devised to quantify regional differences
within samples that would not be apparent using a method that would not distinguish
between regions, such as flow cytometry or western blotting.
Once we “normalize” the E-cadherin and SMAA stains to vinculin (E/V and S/V),
the trends are still more clear. E/V is highest in the anterior epithelial region (Fig-
ure 11e), lower in the mesenchymal region of the anterior primitive streak (Figure 11f),
and lowest in the posterior primitive streak. Cardiac cells exibit a slightly higher E/V
still below that of the epithelial anterior primitive streak explants (Figure 11h). E/V
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comparisons between all groups are statistically significant (p<0.001). S/V steadily
increases across the sample types. The mesenchymal region of the anterior primitive
streak has a significantly higher S/V than the epithelial regions (p<0.001), and the
mesenchymal posterior primitive streak has a higher S/V than the mesenchymal an-
terior primitive streak (p<0.01). As expected, the cardiac cells have the highest S/V
(p<0.001).
Here we have shown that this method of quantification distinguishes between
the different phenotypes seen under the miscroscope with statistical significance. As
previously discussed, glass has been used for a majority of embryo explants cardiac
differentiation studies, and so it is a good starting point before moving on to our
primary comparison of interest, that of substrates of different stiffnesses. Because
we will be using PDMS for our substrate stiffness study, we cannot directly compare
the PDMS data to our data from explantation studies on glass due to differences in
fibronectin adsorption to the two surfaces. It has been extensively shown and accepted
that exposing cells to different concentrations of ECM components can vastly alter
their behaviors. [9]
4.3.3 Cardiac marker SMAA decreases in presumptive cardiac cells on
softer substrate
Explants from the anterior and posterior PS and cardiac cells were cultured on
“soft” (250 Pa) and “stiff” (70 kPa) PDMS substrates coated in passively-adsorbed
fibronectin. Overall, the localization of ECad, SMAA, and vinculin remained similar
to our previous experiment (Figure 12, Figure 13); however, the image quantifica-
tion (Figure 14) showed that precardiac cells in the anterior PS behave differently on
“soft” and “stiff” PDMS.
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Figure 12: Anterior and posterior primitive streak explants and cardiac cells on
“stiff” (70 kPa) PDMS. Rows represent the same field of a sample image from each of
4 experimental groups: epithelial cells from the anterior primitive streak (A,B,C),
mesenchymal cells from the anterior primitive streak (D,E,F), mesenchymal cells
from the posterior primitive streak (G,H,I), and mesenchymal cardiac cells (J,K,L).
Columns represent each marker: E-Cadherin (A,D,G,J), SMAA (B,E,H,K), and Vin-
culin (C,F,I,L). ALL SCALE BARS ARE 100 µm.
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On “stiff” FN-coated PDMS (70 kPa), the trends in morphology and staining ap-
pear to be similar to cultures on glass. In the epithelial region of anterior primitive
streak explants (first row, Figure 12) E-cadherin and vinculin were co-localized in the
cell-cell borders (yellow arrows, Figure 12a and orange arrows, Figure 12c). Vinculin
was also localized to focal adhesions throughout the cells (green arrows Figure 12c).
As expected, there were low levels of SMAA staining in the epithelial anterior primi-
tive streak explants, and no distinct patterns of staining were visible (Figure 12b).
The mesenchymal region of the anterior primitive streak on glass (second row,
Figure 12) showed low levels of E-cadherin staining with no discernible features (Fig-
ure 12d). SMAA was present in all mesenchymal anterior primitive streak cells (Fig-
ure 12e) and was localized to filaments across the cells (red arrowheads, Figure 12e
inset). It appears that faint nucleus outlines are visible as darkened regions in the
SMAA staining. Again, this cell type is of primary interest as we believe these cells
to be cardiac precursors isolated from the streak. As with the mesenchymal anterior
primitive streak explants on glass, this cell type on 70 kPa PDMS exhibited local-
ization to focal adhesions throughout the cells (Figure 12f) but preferentially around
the cell periphery (green arrowheads, Figure 12f inset).
In the mesenchymal posterior primitive streak region (third row, Figure 12), an
interesting pattern was seen in some regions of E-cadherin staining. Faint E-cadherin
staining was visible in the cell-cell borders (Figure 12g) of SMAA-expressing cells
(Figure 12h). This phenomena was seen in a few places in approximately 33% (4
of 12) of the samples and not in all regions of SMAA-expressing cells. As with
cultures on glass, the SMAA-expressing cells in posterior primitive streak explants
were generally more spread than the anterior primitive streak cells and showed fibers
spanning the cells (red arrowhead, Figure 12h inset). Vinculin was localized to focal
adhesions throughout the cell (Figure 12i), particularly those at the cell edge (green
arrowheads, Figure 12i inset).
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Cardiac cells on 70 kPa PDMS (bottom row, Figure 12) showed low levels of E-
cadherin staining, which was not present at cell borders (Figure 12j). SMAA levels
appeared to be highest in cardiac cells of the four sample groups (Figure 12k). As
previously, SMAA was localized to distinct fibers across the cells (red arrowhead,
Figure 12k inset) and an absence from the nuclear region is visible. Also similarly to
cultures on glass, cardiac cells expressed vinculin in focal adhesions throughout the
cell (Figure 12l) and elongated focal adhesions at the cell borders (green arrowheads,
Figure 12l inset).
Overall, of all the sample types, only the epithelial region of the anterior primitive
streak explants had significant E-cadherin staining (first column, Figure 12), all of the
mesenchymal regions expressed SMAA with the cardiac cells expressing the highest
levels of SMAA (second column, Figure 12), and all samples expressed vinculin in
focal adhesions, with the epithelial anterior primitive streak explants also expressing
vinculin in the cell-cell junctions (third column, Figure 12).
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Figure 13: Anterior and posterior primitive streak explants and cardiac cells on
“soft” (250 Pa) PDMS. Rows represent the same field of a sample image from each of
4 experimental groups: epithelial cells from the anterior primitive streak (A,B,C),
mesenchymal cells from the anterior primitive streak (D,E,F), mesenchymal cells
from the posterior primitive streak (G,H,I), and mesenchymal cardiac cells (J,K,L).
Columns represent each marker: E-Cadherin (A,D,G,J), SMAA (B,E,H,K), and Vin-
culin (C,F,I,L). ALL SCALE BARS ARE 100 µm.
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The cultures on “soft” 250 Pa FN-coated PDMS (Figure 13) show similar patterns
to those of “stiff” 70 kPa PDMS, which highlights the necessity of our quantification
method for meaningful comparisons between the two that will elucidate the connection
between cardiac differentiation and substrate stiffness. In the epithelial anterior prim-
itive streak explants (first row, Figure 13), E-cadherin and vinculin were co-localized
to cell-cell junctions (yellow arrowheads, Figure 13a inset and orange arrowheads,
Figure 13c inset, respectively), and there were low levels of SMAA staining with no
discernible features (Figure 13b).
Mesenchymal regions of the anterior primitive streak (second row, figure 11), were
negative for E-cadherin staining (Figure 13d). SMAA expression was localized to
filaments across the cells (red arrowhead, Figure 13e inset), and vinculin staining
was localized to focal adhesions, with a particular presence at the cell edges (green
arrowheads, Figure 13f inset).
The mesenchymal posterior primitive streak on FN-coated 250 Pa PDMS (row 3,
Figure 13) showed traces of E-cadherin at the cell-cell boundaries of SMAA-expressing
cells, similar to the same cultures on 75 kPa PDMS (Figure 13g). SMAA-expressing
cells (Figure 13h) were generally more spread than that anterior mesenchymal cells,
and SMAA was localized to actin filaments (red arrowheads, Figure 13h inset) often
traversing the non-central periphery of the cells. Vinculin staining was seen in focal
adhesions concentrated at the cell edges (green arrowheads, Figure 13i inset).
Cardiac cells on FN-coated 250 Pa PDMS (bottom row, Figure 13) exhibited
low levels of E-cadherin staining (Figure 13j) but the highest levels of SMAA staining
across the sample groups on “soft” PDMS. SMAA was localized to filaments through-
out the cell (red arrowheads, Figure 13k inset). Vinsulin was visible in elongated focal
adhesions at the cell edges (green arrowheads, Figure 13l inset) and in focal adhesions
throughout the cell.
In summary, E-cadherin staining on “soft” PDMS (column 1, Figure 13) was
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mainly present in the epithelial anterior primitive streak cells and was barely visible
in the cell-cell borders of some posterior primitive streak SMAA-expressing cells and
in low level staining in the mesenchymal anterior primitive streak cells and cardiac
cells. SMAA staining (column 2, Figure 13) was mainly expressed in the mesenchymal
phenotypes, but also present in low levels of the epithelial anterior primitive streak
cells. Vinculin expression (third column, Figure 13) was present in focal adhesions for
all sample types throughout the cell and concentrated at the periphery for the mes-
enchymal phenotypes. It was co-localized with E-cadherin in the epithelial anterior
primitive streak cells.
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Figure 14: Caption next page.
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Figure 14: (Previous page.) Ecad, SMAA, and VIN intensity in anterior and pos-
terior primitive streak explants and cardiac cells on “stiff” (70 kPa) and “soft” (250
Pa) PDMS.
The boxes represent the 25th to 75th percentiles, and the heavy line represents the
median. Whiskers represent the top and bottom quartiles of the data. Outliers (less
than or greater than 1.5 times the inner quartile range) are denoted by open circles.
The absolute intensity value of each marker is displayed for anterior PS explants ep-
ithelial cells (A), anterior PS explant mesenchymal cells (B), posterior PS explant
mesenchymal cells (C), and mesenchymal cardiac cells (D). ECad and SMAA levels
are normalized to the vinculin staining for each cell type directly beneath (E,F,G,H).
Figure 14 shows all quantified staining for cultures on “stiff” (70 kPa) (Fig-
ure 14a−h) and “soft” (250 Pa) (Figure 14i−p) PDMS, which reflect the staining
patterns seen in Figure 12 and Figure 13. As previously stated, the raw intensity
values (Figure 14a−d, i−l) do not account for field-to-field differences between the
captured 10x sections for each image such as cell density and cell spreading, so we
“normalized” the E-cadherin and SMAA intensity levels to the vinculin intensity for
each image (E/V and S/V) and plotted these ratios (Figure 14e−h, m−p) in addition
to the raw intensities. While we feel it is important for clarity to show the raw inten-
sity data above the ratio data for each figure, we have seen that the ratio data gives a
more “real” approximation of the actual staining patterns in the four sample groups,
that is, the ratios correspond more closely to the staining seen under the microscope.
To focus on the ratio data, we will parse out the comparisons for each sample type on
“soft” and “stiff” PDMS in the following side-by-side figures (Figure 15, Figure 16,
Figure 17, Figure 18). Still, within Figure 14, we can see comparisons between sample
groups on the same substrate stiffness before moving on to look at the differences in
our main variable: the effect of substrate stiffness on each sample type.
65
On “stiff” PDMS (Figure 14e-h), as expected the E/V of the epithelial anterior
primitive streak cells (Figure 14e) was significantly higher (p<0.001) than all other
sample groups. There were no further significant differences in E/V between sam-
ple types apart from the posterior primitive streak E/V (Figure 14g) being lower
than the cardiac cell E/V (p<0.01) (Figure 14h). Cardiac cell S/V (Figure 14h) was
significantly higher (p<0.001) than every other sample type. In addition, the mes-
enchymal anterior primitive streak cells (Figure 14f) had a significantly higher S/V
than the mesenchymal posterior primitive streak explants (Figure 14g) (p<0.001),
and no further comparisons of S/V yielded significant differences.
On “soft” PDMS (Figure 14m-p), E/V was again highest in the epithelial anterior
primitive streak explants (Figure 14m) (p<0.05 compared to the mesenchymal region
of the anterior primitive streak and p<0.01 for other regions). Unlike the results
on “stiff” PDMS, where the cardiac E/V was significantly higher than the posterior
primitive streak, on “soft” PDMS the posterior primitive streak E/V (Figure 14o)
was significantly higher than that of the cardiac cells (Figure 14p)(p<0.001). Cardiac
cells showed the highest S/V (Figure 14p) (p<0.001 compared to other sample types),
and there were no other statistically significant comparisons of S/V on “soft” PDMS.
Three interesting differences result from the collective cell type behaviors on “soft”
and “stiff” PDMS. 1) Although S/V in the mesenchymal anterior primitive streak
region is significantly higher than the posterior primitive streak on “stiff” PDMS
(p<0.001), there is no statistical difference on “soft” PDMS, suggesting that the same
level of SMAA staining was not reached in anterior primitive streak cells on the softer
substrate relative to the posterior primitive streak cells. This is significant because the
anterior primitive streak is where the precardiac cells reside, and the differentiation
of these cells are the focus of this study. 2) On “stiff” PDMS, E/V for the cardiac
cells was significantly higher (p<0.01) than that of the posterior primitive streak
cells. Then on “soft” PDMS, the posterior primitive streak cells had a significantly
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higher E/V, which suggests that the feint E-cadherin staining between some SMAA-
expressing cells may have been more prevalent on the softer substrate. Finally 3) the
statistical difference between the epithelial anterior primitive streak E/V and that of
the rest of the sample types was less statistically significant on the softer substrate,
further suggesting that the softer substrate influenced E-cadherin expression in these
embryonic cells.
The next figures show comparisons of the same sample type on different substrates
following the previous comparisons of different sample types on the same substrate.
Figure 15: Side-by-side comparison of Ecad/VIN and SMAA/VIN intensity ratios
for the epithelial region of anterior primitive streak explants on A) “stiff” (70 kPa)
and B) “soft” (250 Pa) PDMS.
First, we compare the epithelial region of the anterior primitive streak cultures
(Figure 15). As seen in the previous figures, E-cadherin staining was significantly
(p<0.001) higher in this region than the others, which is reflected in the E/V ratio.
However, there is no statistical difference in the E/V values between “stiff” (Fig-
ure 15a) and “soft” (Figure 15b) PDMS, nor is there any difference in the S/V ratio.
We can conclude that the substrate stiffness did not affect the epithelial region of the
anterior primitive streak explants.
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Figure 16: Side-by-side comparison of Ecad/VIN and SMAA/VIN intensity ratios
for the mesenchymal region of anterior primitive streak explants on A) “stiff” (70
kPa) and B) “soft” (250 Pa) PDMS.
Next, we examine the differences between the mesenchymal region of the anterior
primitive streak, which is the cell type of greatest interest in this study due to its
in vivo cardiac fate. While there is no difference between the E/V on “stiff” (Fig-
ure 16a)and “soft” (Figure 16b) PDMS, the S/V ratio is significantly higher on “stiff”
PDMS (p<0.001). We conclude that this cell type is influenced by substrate stiffness.
Figure 17: Side-by-side comparison of Ecad/VIN and SMAA/VIN intensity ratios
for the mesenchymal posterior primitive streak explants on A) “stiff” (70 kPa) and
B) “soft” (250 Pa) PDMS.
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Side-by-side comparison of the posterior primitive streak explants on “soft” and
“stiff” PDMS (Figure 17) revealed a statistically significant (p<0.001) increase in
E/V on “soft” PDMS. This result suggests that the feint E-cadherin staining present
at cell-cell borders in this sample group increased on the softer substrate. There was
no difference in S/V values on this sample group on the two substrates.
Figure 18: Side-by-side comparison of Ecad/VIN and SMAA/VIN intensity ratios for
the mesenchymal cardiac cells on A) “stiff” (70 kPa) and B) “soft” (250 Pa) PDMS.
In the cardiac cell cultures on FN-coated “soft” and “stiff” PDMS, there were
no statistical differences between E/V and S/V (Figure 18). This finding is signifi-
cant because, although the epithelial region of the anterior primitive streak did not
show differences, both the anterior and posterior primitive streak explants showed
differences on “soft” and “stiff” PDMS, which suggests that cardiomyocytes from a
3-day-old quail embryo are not affected by substrate stiffness at that stage.
In summary, the most significant results in this study are as follows: 1) Anterior
mesenchymal primitive streak explants (cardiac precursors) showed decreased S/V on
“soft” compared to “stiff” PDMS. 2) Posterior mesenchymal primitive streak explants
showed increased E/V on “soft” compared to “stiff” PDMS. 3) Cardiac cells did not
show different E/V or S/V on “soft” or “stiff” PDMS. Additional findings are as
follows: 4) Anterior epithelial cells have a higher E/V than other cell types on “soft”
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and “stiff” PDMS, but the difference is more statistically significant on “stiff” PDMS.
5) Cardiac cells had a higher S/V than all cell types on soft and stiff.
4.4 Discussion
4.4.1 PDMS substrate selection, mechanical characterization, and ECM
coating
In initial experiments, we tried using Sylgard 184 PDMS, ExCellness R© substrates (a
commercially-available PDMS-based polymeric material), and polyacrylamide (PA)
gels to culture primitive streak explants before deciding to use Sylgard 527 PDMS, a
less-common but softer silicone. Our first studies on Sylgard 184 PDMS were limited
because of the lower limit of stiffness available with this material. Findings in our
lab were similar to that of previous studies where the “softest” PDMS possible from
this elastomer:crosslinker set is a ratio of about 55:1 with a modulus of 11kPa, [38]
and that ratios of greater elastomer to crosslinker will not cure. We also cultured
primitive streak explants on ExCellness R© substrates. Unfortunately, the chemically-
defined composition of the material was not available due to intellectual properties.
Using Sylgard 184 as a high-level stiffness substrate and ExCellness R© as a low-level
stiffness substrate would not allow for us to control for fibronectin concentration on
the substrate. Surprisingly, comparisons of cell behavior on fibronectin-coated glass,
polyacrylamide gel, and MatrigelTM (solubilized ECM from Engelbreth-Holm-Swarm
(EHS) mouse sarcoma cells) have been made under the title of a matrix rigidity study,
[54] however, different substrates adsorb different amounts of ECM proteins, and it
is accepted that ECM composition and density strongly influences cell behavior. [9]
Therefore, we were not comfortable using two chemically-different materials for a
substrate stiffness study and moved on to manufacture PA gels. [107] Although the
primitive streak explants grew on the 70 kPa FN-coated PA gels, the explants would
barely attach and would not spread on the 2 kPa PA gels. We found another Sylgard
PDMS formulation, Sylgard 527, that was being used in limb bud formation studies
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and had tunable mechanical properties from hundreds of Pa to hundreds of kPa.
[11] This was a desirable range for our study based on the stiffness of gastrula-stage
embryos (around 200 Pa [44]) to fully-differentiated cardiac tissue (100+ kPa [66]).
Sylgard 527 is optically clear for imaging and biologically inert, and having the same
material for both soft and stiff substrates controlled for material-specific levels of
fibronectin adsorption.
In this study, the 0.1:1 “stiff” PDMS and 1.5:1 “soft” PDMS required differing
applications of the Hertz model to find the “true” modulus of the material as encoun-
tered by cells. The force curves (force vs. indentation depth) for “stiff” PDMS were
directly fit with the Hertzian model to determine the modulus of the substrate. How-
ever, the “soft” PDMS did not have one uniform modulus regardless of indentation
depth and required a point-by-point calculations of the modulus. For each indenta-
tion, the modulus (as determined by the Hertz model at each point) vs. indentation
depth was plotted and the linear region was averaged to determine the modulus
(Figure 9b). Many current studies looking at the role of substrate characteristics in
differentiation do not fully characterize their substrates. This is problematic because
false connections can be drawn between substrate stiffness and cell behavior if the
substrate has been inaccurately characterized, and each lab should independently
verify the substrate stiffness if it is a main variable of study. Substrate mechanics
are not the same for all flexible substrates, and the models and methods used for
interpreting tensile, compressive, or microindenting tests are often left unidentified
in publications, [105] for example, although it has been shown that hydrogels ehibit
nonlinear and viscoelastic behaviors, [95] these are rarely discussed even if experi-
menters mention the stress-strain curves of a hydrogel tensile test. [59] Surprisingly,
some studies present no substrate stiffness mechanical testing of any kind, even when
substrate stiffness is the main variable examined in the study, [54] [77] instead cit-
ing mechanical characterizations of formulations manufactured in other labs without
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characterizing their own in-house manufacturing methods.
One interesting result in our study was the variation seen in regions throughout
different preparations of the PDMS substrates (Figure 9c,d). Substrate stiffness vari-
ability is another factor not commonly identified or discussed in soft substrate cell
studies. Substrates are instead commonly presented as having a uniform modulus at
every scale, when we have seen that some variation at the micro-level is present in
Sylgard 527 PDMS.
In addition, in studies using soft PDMS, it is not always stated what defines a
“cured” substrate (as previously described, in this study a clean coverslip was sand-
wiched on top of our substrates, which were considered “cured” if no residue remained
on the coverslip and there was no distruption to the PDMS surface after peeling off
the top unattached coverslip.) For example, although our lab has previously at-
tempted to mix 100:1 Sylgard 184 (the most commonly-used PDMS for growing cells
and many related applications) and found that this ratio does not produce a fully-
cured substrate even weeks after mixing, publications claim to have mixed, cured,
and mechanically characterized 100:1 Sylgard 184 [105] (when other ratios such as
10:1, 30:1, 35:1, 40:1, 45:1, 50:1, and 55:1 (base/cross linker) have published Youngs
moduli of 1.6 MPa and 144, 93, 48, 30, 17, and 11 kPa, respectively [38]). We find
these claims suspicious, particularly curing 100:1 Sylgard 184 at 70 ◦C for only 24 h.
Collaboration between genetics laboratories and mechanics laboratories would greatly
improve current standards for substrate characterization in cell and tissue studies.
4.4.2 SMAA, ECad, and VIN image quantification distinguishes between
cell types
The initial characterization of primitive streak explants and cardiac cells on glass
allowed us to see that the SMAA and ECad intensities normalized to the vinculin
intensity − which provided a “baseline control” for cell spreading, cell counts, and
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other field-to-field morphological variation − were more accurate than the raw abso-
lute staining intensities. Further, all ratios on glass were significantly distinct from
each other (p<0.001 or 0.01), which suggests that our method was accurate enough
to distinguish between the cell types in this study. The immunofluorescence stain-
ing without the quantification method separates the samples into only two distinct
groups (Figure 19), whereas the intensity ratios capture differences between the four
distinct cell types (Figure 14).
Figure 19: Decision tree representing immunofluorescence staining characterization.
PS = primitive streak.
While we were pleased that the image quantification method in this study was
able to determine differences in the immunofluorescence staining of four different
cell types, we would like to do more localized immunoflourescence analysis in the
future—akin to “localized flow cytometry” that would have the sensitivity of flow
cytometry, but would not require the cells to be trypsinized and lose their spatial
significance within the cultures. We would like to move to a finer “map” of staining
using smaller windows within the 10 fields to display immunoflourescence staining in
a more localized way.
The specific spatial differences in immunofluorescence staining that we wanted to
capture in this study would not be accounted for in western blots or flow cyometry.
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One of the challenges in working with embryonic cells from such a small area of
the primitive streak (the location of the precardiac cells at stage HH3) is that small
cell counts make it difficult to do studies that require large amounts of cells, and
although we have previously completed western blots in our lab, we are uncertain
that the primitive streak cell counts would be high enough for western blotting and
flow cytometry. Although it is an advantage to study cardiac development in the
actual precardiac cells from the embryo, the small cell counts could be a drawback
that would not be present in differentiation studies using cell lines.
4.4.3 E-cadherin increases and cardiac marker SMAA decreases in pre-
sumptive cardiac cells on a softer substrate
The most important finding of this study is that the mesenchymal regions of the
anterior primitive streak explants − the cells fated to become cardiac cells in vivo −
have a decreased S/V on a softer PDMS substrate. Overall, comparing sample groups
on “soft” and “stiff” PDMS yeilded statistical significance between different sample
types on the same substrate and between the same sample type on the two different
substrates stiffnesses.
4.4.3.1 E/V on “soft” and “stiff” PDMS
Comparing different sample groups on the same substrate Upon compar-
ing the different sample types on “soft” PDMS, we found that the E/V for the ep-
itheial anterior primitive streak was significantly higher than the other sample types
(p<0.001) and that the E/V for the posterior primitive streak was lower than that
of cardiac cells (p<0.001). On “stiff” PDMS, the E/V for the epitheial anterior
primitive streak was still significantly higher than the other samples, but the differ-
ences were less significant than the differences on “stiff” PDMS (p<0.05 compared
to the mesenchymal region of the anterior primitive streak and p<0.01 for other re-
gions). Further, the E/V for the posterior primitive streak region on “soft” PDMS
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was higher than the E/V of cardiac cells on “soft” PDMS. In light of this change in
statistical significance and the fact that E/V remained the same for the epitheial an-
terior primitive streak explants and cardiac cells, it appears that the undifferentiated
mesenchymal cells from the anterior and posterior primitive streak increased in their
overall E-cadherin expression on “soft” PDMS compared to “stiff” PDMS.
Comparing the same sample groups on different substrates In addition,
the posterior primitive streak cells increased their E/V on “soft” compared to “stiff”
PDMS. This finding is significant because in normal ingression at the primitive streak,
epithelial cells expressing E-cadherin in the epiblast shift from using E-cadherin in
epithelial adherens junctions to N-cadherin in adherens junctions in the mesenchymal
mesoderm cells, which is a critical change in gastrulation. [43] [12] [123] It appears
that substrate stiffness effects the expression of E-cadherin in primitive streak cells,
suggesting that substrate stiffness may not only play a role in cardiac differentiation,
but also in other downstream phenotypes of primitive streak cells, which are not fated
to form the heart. Posterior primitive streak cells do not express normally express
E-cadherin in vivo. However, the substrate stiffness appears to affect their undiffer-
entiated state. These cells are normally fated to form the intermediate mesoderm and
lateral plate mesoderm, and the caudal-most end of the primitive streak contributes
to the extraembryonic mesoderm, including the blood islands. [89] Substrate stiffness
may be a mechanism of differentiation for these additional embryonic features.
4.4.3.2 S/V on “soft” and “stiff” PDMS
Comparing different sample groups on the same substrate Upon compar-
ing the S/V for different sample types on “stiff” PDMS, we found that the S/V for
cardiac cells was significantly higher than all other sample types (p<0.001) and the
mesenchymal anterior primitive streak cells had a significantly higher S/V than the
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posterior primitive streak (p<0.001). On “soft” PDMS, the S/V of cardiac cells re-
mained higher than other cells types (p<0.001), but there was no statistical difference
between any other cell types.
Comparing the same sample groups on different substrates When com-
paring the S/V of the same cell types on different substrates, there is no statistical
difference in the posterior primitive streak or any cell types except for mesenchymal
anterior primitive streak cells (p<0.001). This finding is very important because the
precardiac cells reside in the anterior primitive streak at stage HH3, when explants
were taken. These findings suggest that substrate stiffness has an effect on precardiac
cells and may have an effect on cardiac differentiation. It is of further interest that
the other cell types did not show statistically significant changes in SMAA expression
and that cardiac cells were the only cultures that did not show any differences in
marker staining on “stiff” and “soft” PDMS. It could be speculated that the 3-day-
old embryonic cardiomyocytes were past a critical junction of differentiation that was
exhibited in their showing the same E/V and S/V on “stiff” and “soft” PDMS.
4.4.4 Additional observations and conclusion
One interesting observation from this study was the presence of beating cultures in
some of the primitive streak explants. All cardiac cultures exhibited beating. On
stiff PDMS, 4 out of 12 posterior primitive streak explants were beating and 1 out
of 12 anterior primitive streak explants were beating. On “soft” PDMS, 1 out of 12
posterior primitive streak explants were beating and 0 out of 12 anterior primitive
streak explants were beating. This finding is initially anomalous because it is the
anterior, and not the posterior, primitive streak that goes on to form the heart.
However, as discussed earlier, the posterior hypoblast is one of the 2 key induction
tissue interactions in cardiac development, and the hypoblast has been show to induce
cardiac myocytes in anterior and posterior pre- and mid-gastrula epiblast (stage HH1,
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HH3) and can induce cardiac cells in stage 4 posterior primitive streak. [114] We
accordingly speculate that the culturing of the posterior primitive streak explant
with some hypoblast at the base may have been more likely to beat in the presence
of the hypoblast tissue.
Although our main comparison of interest in this study is on “soft” and “stiff”
PDMS, the posterior primitive streak on glass exhibited no epithelial regions, whereas
on 0.1:1 PDMS, it exhibited some epithelial regions and on 1.5:1 PDMS showed the
most epithelial regions. When quantified, these epithelial regions of posterior prim-
itive streak cells on PDMS were highly variable due to varying size within the 10x
field (anterior primitive streak epithelial regions in this study were larger than the
10x field) and occasionally consisting of multiple cell layers that artificially increased
staining levels. Therefore, we did not include the sparse epithelial regions of the
posterior primitive streak in the study. Another interesting observation was the ap-
pearance of a “partial EMT” region where cells expressed SMAA but feint lines of
ECad at the cell junctions were visible on some cells was seen on PDMS but not on
glass. This may be why the E/V ratio on “soft” PDMS was higher than the E/V on
“stiff” PDMS for the posterior primitive streak.
One of the related themes to this work in addition to cardiac differentiation is
EMT because of EMT’s shown dependence on substrate stiffness. [10] SMAA is the
first cardiac marker, but it is has also been used as a marker of EMT. [120] Because
EMT has been shown to be effected by substrate stiffness, the differentiation of cells
in the streak undergoing EMT during gastrulation [72] may also be dependent on
substrate stiffness. We acknowledge that there may be redundant mechanisms for
upregulating SMAA in precardic cells, because these cells undergo EMT just 1 stage
before transcribing SMAA. In future studies, flow cytometry and in situ hybridization
may be a good next step to more fully characterize the transcription and translation
of more cardiac markers in these primitive streak explants.
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One advantage of this study is that we are studying the effect of substrate stiffness
on cardiogenesis with isolated precardiac cells as opposed to an undifferentiated stem
cell line. All necessary developmental cues up to the point of localization to the
anterior primitive streak (Figure 7) have taken place, and we explant the precardiac
cells 2 stages prior to the transcription of the first heart marker, SMAA. Nonetheless,
we hope that the results of this study will be advantageous for ongoing studies of
developing cardiac cell therapies from induced pluripotent stem cells (iPSCs) [49]
and mesenchymal stem cells. [59] [78]
The heterogeneity of the primitive streak explants that necessitated our method
of sample quantification was not discussed in previous cardiac cell differentiation
studies on glass. We were originally struck by the heterogeneity and difficulty of
finding definitive and unbiased differences between the groups. Not all regions of the
same explants exhibited the same staining, and there could be variation in the stains
if different fields were chosen. However, the experimenters chose the most populated
and representative fields possible for each explants, and regions for each cell type
were chosen carefully based on these criteria. All images were taken by the same
experimenter. In addition, the experiment was repeated over a dozen times by the
same experimenter, and the shown data is representative of not only the published
experiment, but many additional previous experiments. Previous studies of primitive
streak and early embryo explantation do not address the heterogeneity of the samples,
and it is not always apparent from displayed images in previous studies.
In conclusion, here we have shown that substrate stiffness effects the behavior of
anterior and posterior primitive streak cells, the former of which are fated to form
the heart during embryogenesis. We hope that the results of this study will not
only encourage further exploration of the effects of substrate stiffness on development
and stem cell differentiation for therapeutic applications, but that cell biologists and
geneticists who also study the effects of substrate stiffness will consider the importance
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of mechanical characterization and collaboration with mechanicians if necessary so
that results can be understood in the context of the true mechanical environment,




We have shown in these studies that the primitive streak stiffens relative to the pre-
primitive streak embryo and that regions outside the primitive streak soften over time.
Our explantation studies show that precardiac primitive streak cells are sensitive to
substrate stiffness. In other words, these primitive streak cells respond to changes
in the stiffness, which are occurring in the gastrula-stage embryo. Tissue stiffness
and substrate stiffness are not independent. The interplay between these variables
is relevant to the study of the mechanical environment because the tissue stiffness is
changing and the cells are sensitive to changes in substrate stiffness.
At the gastrula stage, the embryo is only attached to external tissue (specifically,
the vitelline membrane) at the outer edges. The embryo as a whole (comprised of the
three germ layers) is in tension and anchored by the vitelline membrane around the
periphery. The increased tension in the embryo would increase the apparent stiffness,
much like a stretched lab glove appears to be more stiff when stretched. (Our explants
were removed from the embryo to avoid this apparent increase in stiffness in our AFM
experiments.) However, the tension not only changes the apparent stiffness of the
tissue, it can alter the apparent stiffness of the ECM. The ECM does not actively
contract, but it does have a passive response to tension and compression. Beneath
the epiblast layer is a thin ECM layer termed the basement membrane comprised
of fibronectin, laminin, collagen I and collagen IV. Fibronectin is an elastic protein
structure that can unfold under tension, presenting additional cell-binding motifs. In
addition, the contraction of cells, such as at the primitive streak, could conversely
contract the ECM around them, thus hiding cell-binding motifs. The density of
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the ECM can affect its stiffness as well, and future studies on the changing ECM
modeling by primitive streak cells would benefit understanding of the role of ECM in
gastrulation.
In this study, we have shown the importance of the mechanical microenvironment
in the developmental processes of gastrulation and cardiac specification. In the field
of gastrulation, apical constriction has long been an accepted mechanism for anam-
niotes and lower orders, and we hope that this critical mechanism becomes universally
accepted in amniote gastrulation. There are many other developmental processes that
display a feat of biophysical control, such as neural tube closure, heart looping and
septation, and dorsal elongation (the mechanics of which are currently studied in
Xenopus laevis in the Davidson Lab [121]), which would benefit from further study
as to how the genome codes for these extreme mechanical changes. Though some
classical and modern approaches have been used to measure the forces generated and
mechanical changes in the embryo, developmental studies by and large approach mor-
phogensis from a purely genetic standpoint. We hope that this study encourages a
greater appreciation and study of the mechanical environment during embryogenesis.
One weakness in the study of rho-kinase (ROCK)-activated actomyosin contrac-
tility is the multiple effects of of the small-molecule inhibitor Y-27632. By inhibiting
ROCK with Y-27632, we could potentially be desurbing several signaling pathways
in which ROCK is involved including cell adhesion and proliferation. In addition, in
the study of cell convergence to the primitive streak using time−lapse microscopy,
we used Y-27632 on the whole embryo, whereas ideally given our hypothesis that
actomyosin contractility at the primitive streak “pulls” the cell sheets in the epi-
blast towards itself, we would be able to inhibit actomyosin contractility locally at
the primitive streak before observing changes in cell velocity towards the primitive
streak. This may be accomplished with electroporation of an actomyosin contractility
inhibitor at a pre-primitive streak stage, but controlling the timing of translation and
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localization of such an inhibitor would be challenging. Another method may be a
localized administration of a drug treatment, however, containment of the drug may
be an issue.
The importance of the effect of mechanical cues—and specifically substrate stiffness—
on differentiation during development and directed stem cell differentiation has be-
come generally accepted over the past decade. However, there is sometimes a lack of
mechanical characterization of substrates in published studies that specifically focus
on the role of substrate stiffness in differentiation. While genetic studies are impor-
tant in this area, and some labs may excel in genetic analysis, the results of their
studies cannot be trusted if there is no mechanical characterization of the variable
substrate stiffness. In addition, it is important to recognize when conducting studies
of the effects of substrate stiffness that ECM protein composition as well as density
must be the same on substrates of varying stiffnesses of that only one variable at a
time is modified.
In future studies continuing to look at the effect of substrate stiffness on car-
diac differentiation, additional characterization methods such as in situ hybridization
and flow cytometry may provide valuable additional insights, even though spatial
differences would not be measureable with flow cytometry, overall levels of cardiac
markers undetectable with immonofluorescence staining such as α−actinin and N-
cadherin may be present and visible in a flow cytometry study. The only challenge
for flow cytometry studies on embryonic explants is the cell counts of the samples.
Many samples (∼25 explants minimum) would have to be combined, which may dilute
the differences between embryos in the same sample groups. SMAA is originally tran-
scripted and stage HH 5 but not translated until HH 9. One phenomena not explored
in this study is the transcription of SMAA—our immunoflourescence staining reveals
only translated SMAA proteins. Also, we believe that some of the smaller markers
that we tried to see with immunofluoresence stainging, such as transcription factor
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Nkx2.5, may only be visible with in situ hybridization analysis or flow cytometry.
Not only would in situ hybridization allow for SMAA transcription characterization
in addition to the translated SMAA characterization seen in immunofluorescence
studies, but also other markers that may not have translational modulation but show
transcriptional modulation could be detected.
A definite goal for future studies should be to exploit the range of Sylgard 527
PDMS and include more substrate stiffness groups between 250 Pa and 70 kPa to
see what is the “threshold” for the differences in SMAA, E-cadherin, and vinculin
staining shown in this study.
In this study, we found that anterior and posterior primitive streak cells were
sensitive to substrate stiffness, but 3-day-old cardiomyocytes were not. We could go
on to speculate that the cardiac cells have already passed a junction of differentiation
based on substrate stiffness and that the precardiac cells we cultured were not past
this specification point. However, we could take precardiac cells from earlier and later
stages than from the anterior primitive streak at stage HH 3. Further work could
look at not only taking cells from stage 1 Kollers sickle, but the heart forming regions
(HFRs) as well. Another additional study of interest would be to add combinations
of the array of signaling molecules during precardic cell interaction with the posterior
hypoblast at stage 1 and with interaction with the anterior lateral endoderm at stage
HH 5. The field would benefit from studies that examined not just the substrate
stiffness or combination of signaling molecules, but the interaction between these two
variables.
It is interesting not only that precardiac cells in the anterior primitive streak were
influenced by substrate stiffness, but that the posterior primitive streak cells were also
influenced as well. This suggests that other developmental processes may depend on
a desired range of ECM stiffness, and we hope that experimenters in the fields of
developmental biology and stem cell differentiation will continue to look at the role
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of substrate stiffness in differentiation.
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